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stiffness and are well suited for the application pick and place
and high speed milling machine.

Abstract— In this paper, we describe the control strategy of
high speed parallel robot system with EtherCAT network. This
work deals the parallel robot system with centralized control on
the real-time operating system such as window TwinCAT3. Most
control scheme and algorithm is implemented master platform on
the PC, the input and output interface is ported on the slave side.
The data is transferred by maximum 20usecond with 1000byte.
EtherCAT is very high speed and stable industrial network. The
control strategy with EtherCAT is very useful and robust on
Ethernet network environment. The developed parallel robot is
controlled pre-design nonlinear controller for 6G/0.43 cycle time
of pick and place motion tracking. The experiment shows the
good design and validation of the controller.

In modern motion system, the real-time industrial ethernet
offers many advantages over the analog links and flexible
system configuration. The individual axis servo control
architecture is need to synchronized and has strict exact
execute time. Whenever added and mounted additional axis,
the system platform only need to change the software
architecture. Thus the designer is easy to change or implement
the motion control algorithm and data exchange interface. [2]
networked control platform is introduced into the motion
control field and builds networked control system. A
networked control system is a control system wherein the
control loops are closed through a real-time network[3]. It can
eliminate unnecessary wiring thus, reducing the complexity
and the overall cost in designing and implementing the control
system. EtherCAT technology is mainly being promoted by
Beckhoff and they provide several kind of solutions for
EtherCAT master and slave, including ASIC chips and
software driver. For example, Beckhoff launced ET1100 and
ET1200 chip for developing EtherCAT Slave Moudle device,
EtherCAT master sample code and library for developing
EtherCAT master device easier.

Keywords—parallel robot control, etherCAT, nonlinear control,
parallel robot inverse kinematic

I.

INTRODUCTION (Heading 1)

The Parallel Robot as Shown in Fig 1(a)(b) is one of the
successful industrial robot in many application domains, pickand-place, packing even assembling. Because of this, Parallel
Robot have many advantages compared to traditional serial
robots, such as speed and accuracy. based on the end-effect of
parallel robot can move a light weight objects at a speed of
several meter per second, and has high accuracy within a
limited range as shown in Fig 1(c).[1]

The software architecture is set up considering strict timing
constraints on their behavior. EtherCAT is a promising realtime Ethernet which is standardized in IEC 61158 and
61784[3].

The developed parallel robot is able to move the three
degree of freedom and can reach accelerations near 6G, 0.43
cycle time. In order to achieve such accelerations and perform
an accurate motion movement such as pick and place, a
nonlinear controller must be used. By using conventional
controller, i.e. PD linear control, the tracking performance
cannot be guaranteed and be limited, especially when the robot
has highly nonlinear dynamics and/or when the
velocity/acceleration are high. Also the robot pick the unknown
load and drop the load on the belt, so the sudden unknown
dynamic is occurred on normal operation. These are very
strong condition that the controller is not easy to design for
specification of parallel robot.

The rest of paper is organized as follows: In section 2, we
derive the EtherCAT based control algorithm for parallel robot.
The adaptive nonlinear control technique is then proposed to
improve transient tracking response time and fast motion in
Section 3. Section 4 present real-time implementation results
on parallel robot to demonstrate the practical and theoretical
development of this paper. Finally, section 5 concludes the
paper.

The most important advantage of such parallel robot over
serial chain robot is certainly the possibility to keep all motor
fixed to a base, with the consequence that the moved mass is
much smaller and fast movement can be performed and
guaranteed. Thus parallel robot can also achieve a higher
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C. EtherCAT based control architecture
The Figure 3. illustrate the parallel robot that is one of the
industrial robots more used today and is the most successful
robots which have been designed. The parallel robot is useful
its applications include pick, place and packing products in the
food, medical and cosmetic industry, as well as in assembly
process of electronic device. The parallel robot is made up of
an active joint with joint motor and passive joint which are
linked together three independent rigid arms. The actuators are
placed for each arm as shown in Fig 3. right side. The upper
links and lower links are connected on the ball joints. The
moving plate is connected lower link with the ball joint in order
to guarantee planar motion along x,y and z axes.

Fig. 1. Industrial Parallel robot system

II.

ETHERCAT BASED CONTROL ARCHITECTURE

A. Industrial EtherCAT and real-time OS
Most of the robot control systems are being developed
using window operating system. Windows has many advantage
of easy developing environment, such as, supporting abundant
device drivers and multitasking. However it cannot support
hard real time capabilities since the windows is not designed
for the real-time system originally to emphasize the graphic
display and to use the multi task in viewed same time.
Moreover it is difficult and takes a lot of time to develop the
device drivers in windows operating system.[7][8] Basically a
real time O/S is suitable to implement a real time control
system. The commercial QNX and VxWorks have the hard real
time capabilities. However, the price is too high to be used for
education and research purposes. Their support of device
drives for custom designed controllers are so weak that the
expendability is very low [9]. Thus our system is ported to
window real time operating system, such as, TwinCAT3. This
OS have an advantage of the similar window OS and hard real
time is guaranteed on the very low price.

The control scheme is detailed in figure 5. The robot
control attempts to achieve motion control using parallel robots
under unknown manufacturing tolerances and inaccuracies by
migrating the measurement from joint space and tack space.
This problem is solved by the on and off calibration of the
parallel body. However this is very hard and time consuming
work so most field engineer want to avoid this work and
automatically find the parameter by program. Thus the control
objective of this paper is described as bellows;
Find the control law below condition is satisfied as

lim
t 

 x
 xi*   xi 
eiy 
 *  
y
y
 
i
 i   0
eiz   0
 zi*   zi 
ei 
 *  
 et 
 t i   t i 
 i

(1)

and

 t     

B. EtherCAT
EtherCAT is Real Time Ethernet technology based on the
Ethernet. Its objective is to maximize the utilization of the full
duplex Ethernet bandwidth [4]. The network communication
system employs the Master/Slave principle. The master node
sends the packet frames to the slave nodes. The slave node
extracts data from and inserts data in to packet frames.
Telegram processing principles are utilized “on the fly”. In this
way, by performing EtherCAT can use ninety percent of
bandwidth without packet collision [5][6]. Also EtherCAT
provide distributed clock function for synchronization with
each slave node. It can be improve the control capability of
parallel robots.

where * upper script mean the command and lower script i
mean the i-index parallel robot platform. xi yi zi are a
Cartesian space axis, individually x-axis , y-axis, z-axis and
time domain. The task space control is very difficult because
feedback of the end-effect on the cartesian space is not useful
measure on real-time. Thus most control scheme is designed on
the joint space of parallel robot. This control block diagram is
represented on Figure 4. This work attempts to achieve precise
motion control using parallel robot that encounters
manufacturing tolerances, assembly errors and thermal
deformations without periodic calibration through only joint
space measurements.



Fig. 3. The Parts of parallel robot (left) and configuration (right)

Fig. 2. Accuracy Result of Distributed Clock by EtherCAT (left) and
EtherCAT Datagram (right)
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by the calibration tool or 3D cad software.  symbol stands
for the deviation between these terms and the actual ones.
Rewriting (2)
M n q   bn q, q   g n q   M q   bq, q   g q    t 

Master Controller is made up of industrial PC platform and
EtherCAT Master Stack. The system is implemented window
OS such as window 7-32bit, with window TwinCAT3 . The
parallel robot control scheme and safety mechanism is running
on TwinCAT3 platform for real-time and periodic computing
work. The monitoring and user interface is implemented
window side. The data is shared between window and
TwinCAT3 with inner interface socket communication. The
controller's application program defines two data module
structure: data modules of the control instruction and state
feedback.
III.

M n q   bn q, q   g n q   d t    t 

(4)









d
t


M
q


b
q
,
q


g
q
where
is disturbance term
that is canceled by the disturbance observer which is described
as follows
The dynamic uncertainties such as the un-modeled
dynamics are considered as disturbances, then a disturbance
observer is designed to estimate such disturbances and used to
generate compensation term.

PARALLEL ROBOT CONTROL

The parallel robot path planning block is the generation
block of motion on the cartesian space trajectory or regulation.
This block make the x,y,z and time trajectory that is input of
the inverse-kinematics block. The inverse-kinematic block
generate the joint space motor position trajectories.

dˆ t    t    * t 
where

(5)

d̂ t  is disturbance estimation value and

 t   M n q   bn q, q   g n q  is a calculation value with

By using the natural orthogonal complement method, the
dynamic model of parallel robot can be derived in joint space

*

nominal value.
Moreover, it can be estimated through the following low pass
filter for avoiding noise sensitivity,
h
(6)
dˆ t  
 t    * t 
sh
where h is the single observer gain which controls how
fast the estimated signal converges to the actual disturbance.

  bq, q   g q    t 
M q q

(2)
where M (q)  R
is the parallel robot positive definite
inertia matrix, bq, q   R 33 is a vector of coriolis and
centripetal forces, g q   R 31 is the gravity term while is the
generalized torque vector acting on the generalized coordinate
vector.



33



Then, the control law is represented as follow
1
 t  
bn q, q   g n q   ket   dˆ t 
Mn



 q1 
q  q 2   R 31 is the vector of parallel robot joint space
 q3 



(7)

where k is the control gain for reducing convergence time
and regulation error.
The stability is proved by the lyapunov function that is
omitted in this work.

position, i.e., encoder value

 q1 
q  q 2   R 31 is the vector of velocity of parallel robot
 q 3 

The dynamic model (2) has the following properties that will
be used in controller designing[]
Property 1: The matrix M (q) is a symmetric and positive-

joint space

definite

 q1 
q  q2   R 31 is the vector of accelerations of parallel
 q3 

matrix,

which

satisfies

M (q)  a

max M (q)  b for some constants a, b  0 ,
max   represent maximum eigenvalue of the matrix.
Property 2: The matrix bq, q  satisfies
bq, q   c for some constant c  0

robot space.
Most practical system have the physical measurement
uncertainty so taking the dynamical inaccuracies into
consideration, one can write the following relations

and
where

g q  satisfies
g (q)  d for some constant d  0
 (q)  2b(q, q ) is skewProperty 4: The matrix M

Property 3: The vector

M q   M n q   M q 

g q   g n q   g q  , b q ,q   b n q ,q   b q ,q 

symmetric matrix.

(3)
are respectively the nominal

where M n q , bn q, q , g n q 
value inertia matrix, nominal vector of coriolis and centripetal
forces and the nominal gravity term. These value are measured
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IV.

EXPERIMENTAL RESULT

Let us now show the design and implementation process of
the proposed design on real parallel robot systems. For this
purpose, we use two pick and place motion trajectory tracking.
Figure 4 show the developed parallel robot delta type. The
robot system is controlled by EtherCAT master and slave
interface module. The robot employs direct drive motors by
Mistubuish Ltd. The motor is equipped with encoder to detect
the rotation angle. The maximum torque, rated speed, and
weight of the motor are 14 Nm, 3.75rps and 12kg, respectively.
The moving plate of the parallel robot is moved along the
specified trajectory to and from both of the ends. The roundtrip cycle time is set 0.43 sec. A short wait(20msec) is inserted
at both ends of the trajectory in order to test a pick and place
operation. It is assumed that the external forces and moment
are not applied to the moving plate during the motion, and the
viscous frictions are small enough to be ignored. Figure 5
illustrates a rough scheme of the pick and place motion. The
dotted line is represents the trajectory along which the endpoint
of the robot should track. There are no specification on the
corner radius, travel distance L and height h of the trajectory.
In the evaluation experiment, the travel distance and height are
specified as L = 0.27m and h =0.025m, respectively.

Fig. 6. The individual joint trajectory of parallel robot system

Figure 5 and 6 show the system responses, control effort
and error signal with reference trajectory. It can be seen that
while the system remain stable for both uncertainty levels,
tracking performance deteriorates and larger disturbances.
Figure 6 shows the tracking error using adaptive nonlinear
scheme. It is seen that the initial transient error and the
transients at the parameter changes are quite large. If the
adaptive parameter is large, the control effort also is large.
Thus the designer chooses the control parameter and adaptation
parameter for considering under the control effort limit and
transient response time specification.

Fig. 7. The trajectory following response and error

V.

CONCLUSION

This paper proposed the control scheme of the parallel
robot system. For the high speed and precision motion control,
we equipped the widow real time operating system, e.x.
window TwinCAT3, and 100Mbps industrial communication
network such as EtherCAT. The comparison between the
nomal PC-based control system and real time based control
system with EtherCAT results will be obtained on the same
parallel robot hardware. Also we will prove the feasibility and
performance of the proposed control frame work without any
change of the parallel robot hardware. This is very important
on the parallel robot motion real time tracking, e.g. fast cycle.
Three servo control algorithm is implemented on the EtherCAT
mater PC with real time-OS. The porting PD and PID
controller with velocity feedback ,forward term and dynamic
compensation term. The gain of these controller is fixed and
obtained by Off-line simulation. Thus after running many pick
and place condition, the error remains some boundary and
tracking result is not satisfactory. Therefore the adaptation or
on-line gain tuning scheme is necessary for small error bound
and quickness of response of all condition or parallel robot
system.

Fig. 4. The individual joint trajectory of parallel robot system

Fig. 5. The specification of the adept pick and place motion
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different color model is used and variations in lighting are
present this will result in a poor performance. On the other
hand, appearance based methods represent optimal feature
points that can represent the overall facial structure, but with
the disadvantage of being computationally expensive.
The next stage in the flow of a recognition system is the
classification, which aims to assign a label a test pattern [8].
In the case of face recognition system, the aim is to get the
ID of the person registered on the system database and against
which the test image has a higher degree of similarity.
With the goal of carrying out the two steps mentioned
above, this work proposes the use of discrete wavelet
transform as a robust feature extraction tool, due to its
invariance to lighting issues, facial expression, scale and pose,
and the design of a custom multilayer network for
classification step.
The paper is organized as follows: section 2 presents
essential concepts of discrete wavelet transform and its
application in 2D signals, section 3 addresses topics related to
artificial neural networks. Section 4 presents the proposed
methodology and Section 5 shows the results using a set of
test images of the Faces94 public database. Finally, in Section
6 we give the conclusions about the work done.

Abstract— For humans recognize a person looking at his face
is a trivial and daily task that brain performs in seconds and
almost ever with high precision. Nevertheless, even when this
task seems easy, face recognition remains as a challenge when
implemented in a computer. In this article, a new methodology
for accomplish two of the three stages involved in the design of an
automatic face recognition system is presented: for feature
extraction stage the discrete wavelet transform is used, and for
the recognition stage a personalized multilayer neural network is
proposed. Experiments were performed using 300 images from
the public database of faces Faces94. The results show a
recognition rate of 95%. This demonstrates that the proposed
approach is a feasible and effective solution to the face
recognition problem.
Keywords— Face recognition; neural networks; wavelets

I.

INTRODUCTION

Face recognition is a research topic that in last years has
been in the spotlight, due to this technology allow to identify
a person with more accuracy than traditional systems, which
are based in passwords, PIN's magnetic cards, or a
combination of these. The disadvantage is that this elements
can be transferred, damaged, lost, forgotten or stolen [1,2]. At
this point, biometric systems appear like a robust option for
recognize people facing the problems mentioned.
Among biometric treats that could be used for recognize a
person, the face is a interesting characteristic to be studied due
its properties of low intrusivity, naturalness, easy use and
operability even without the voluntary cooperation of the
person that we are trying to identify [3, 4].
Generally, a face recognition system consists of the
following stages [5]: image acquisition, detection and
segmentation of face, and finally, recognition or classification
step.
In this stages, the feature extraction module is responsible
for transforming the input data into a set of representative
values and useful as possible for further processing in
subsequent stages of the system [6, 7].
Among the techniques that have been presented to extract
features, template-based methods are easy to implement but
do not represent the overall facial structure;
Color
segmentation based methods use a color model to detect faces
and morphological operations for detect features, so that if a

II.

DISCRETE WAVELET TRANSFORM

The implementation of the discrete wavelet transform
(DWT) is based on the use of filter banks for analysis and
reconstruction of signals [9].
The DWT uses an orthonormal wavelet family; ie, the
wavelets are orthogonal and normalized to have unit energy
[10]:
j ,k

(t ) 2

j/2

(2 j t k )

(1)

Where j and k are integers that scale and dilate the
mother wavelet to generate discrete wavelet family.
The practical application of the DWT is performed
implementing filter banks, whose main idea is to separate the
signal into different frequency bands [11]. An example of a
signal X(n), which is decomposed into approximations aj(n)
and details dj(n) when we apply over this the high-pass filters
Hj(n) and low-pass filters Gj(n) is shown in Fig. 1, where n is
an integer number and
j ={1,2,3…k} is the desired
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decomposition level. The union of the two filter outputs
contains the same frequency content that the original input
signal, however, the amount of data is duplicated. Therefore,
decimation by a factor of two, represented as ↓2 is applied to
the analysis filter bank output. The filter bank can be
expanded to an arbitrary level depending on the desired
resolution.

Histogram equalization. This activity allowed to
maximize the contrast of the images used in
experiments, with the aim of improving their
quality and get more accurate results at the stage
of face detection and segmentation. In Fig. 2
some examples of images to which we applied
histogram equalization are shown.

Fig. 1. Wavelet decomposition tree to 3 levels.

A. Two dimensional DWT
The two dimensional wavelet transform can be applied to
images, resulting in a matrix of coefficients known as wavelet
coefficients. Its implementation is performed by applying the
transform to the rows and columns of the image, which are
seen as one-dimensional signals; this generates four types of
coefficients or sub matrices: approximation matrix (LL),
horizontal details matrix (LH), vertical details matrix (HL)
and diagonal details matrix (HH) [12].
III.

Fig. 2. Histogram equalization over the images used in experiments.

Detection and segmentation of the face. We use
the detection algorithm proposed by Viola-Jones,
due to their ability to detect effectively and in
real time objects of interest within an image with
high accuracy [16]. In Fig. 3 some examples of
images on which we applied the algorithm are
shown.

ARTIFICIAL NEURAL NETWORKS

Neural networks are a robust and widely technique used in
image segmentation and classification problems. Its structure
is essentially a collection of interconnected neurons that are
executed in parallel to perform the task of learning [13, 14].
Its application is given in areas such as: interpreting visual
scenes, speech recognition, control strategies, etc..
Among the major architectures, the multilayer perceptron
is one of the most widely used, because it allow to solves real
problems, in addition to its easy use and application.
Regarding the training, it can be carried out using various
algorithms, where the backpropagation technique is the most
widely used, but this has the disadvantage of being very slow
for its application to real problems. Because of this, there have
been some optimizations to the original backpropagation
algorithm, among which the Levenberg-Marquardt method
stresses, since this achieves a faster convergence to a result, in
contrast to any other existing optimization [15].
IV.

PROPOSED METHOD

Fig. 4 shows the block diagram of the method proposed.
As can be seen, before the step of feature extraction is
desirable to apply some pre-processing techniques, with the
goal to improve quality of the images and achieve higher
recognition rates. The activities carried out at this stage were:

Fig. 3. Detection and segmentation of the face using Viola-Jones algorithm.

Normalizing face size. This activity was carried
out using the bilinear interpolation method, in
order to adjust the face previously detected and
segmented to a predefined size.
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Fig. 5. Proposed sampling method for sort and divide the approximations
coefficients obtained after application of the transform wavelet.

The proposed sampling technique involves taking only the
coefficients shaded with deeper color than the color of the
background region. This should be carried out for each of the
four regions. Finally, in the current example we can see that of
the total of 100 data constituting each region, after applying
the sampling, only 25 will remain.
That is, of the total of 400 characteristics obtained with
the wavelet transform, only 100 will be considered for
submission to the classifier. Fig. 6 shows the final feature
vector.
Fig. 4. Block diagram of the proposed methodology.

A. Feature extraction
Below is the algorithm proposed in the feature extraction
stage:
1.

Take the picture I resulting from the previous
activity and set the number of decomposition levels
to J.

2.

Let
F be the wavelet filter used for the
decomposition.

3.

Apply the discrete wavelet transform to I, using the
low-pass and high-pass filters obtained from F, as
many times as directed by J.

4.

Take the approximation coefficients and divide it into
4 sets of equal size, discarding the detail coefficients.

5.

If the number of features in the sets exceeds the
amount of 25, proceed to perform sampling on each
set.

Fig. 6. Feature vector to represent each face after applying the sampling.

C. Classifier design
For classification step a personalized multilayer neural
network is proposed. Its architecture is shown in Fig. 7.

B. Sampling technique
Below, is an example that shows how to apply the proposed
sampling method: Setting the size of the face detected at 80 x
80 pixels and applying the wavelet transform using two levels
of decomposition, the size of approximation coefficients
region will be 20 x 20 pixels. The coefficients in this region
will be sorted and grouped into four regions as shown in Fig. 5

Fig. 7. Proposed personalized neural network architecture for classification
stage

The network has 5 layers. The layers 1, 2, 3 and 4 are
inputs layers, and their responsibility is to receive the input
feature vector. The layer 5 gives the id of the picture in the
database with which a test image is more similar.
The configuration network parameters are listed below:
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Layers 1, 2, 3 and 4 use logsig activation function
and three neurons in each of these layers.
Layer 5 receives the output of layers 1, 2, 3 and 4,
and provides the final output of the network. This
layer uses a purelin activation function.
The training method is Levenberg-Marquardt.
The network error is set to 0.01.
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Wireless communication offers many benefits over wired
technologies, including mobility, access to information,
reduced installation and maintenance cost and support for
interoperability. Instead of these benefits, there are a number
of challenges that remain, such as: network performance,
suitability, interoperability and security.
In this work we propose to use Frequency Quorum
Rendezvous (FQR) scheme, instead of classical FHSS. FQR
offers two benefits: First FQR decreases time latency. Second,
FQR does not require any pre-known sequence about
frequency hopping, which is faster and robust against attacks.
In [2], FQR is used for key establishment under jamming
attack. In work [3], FQR was used for cognitive radios to
avoid random interference.
In the remainder of this article we first introduce an overview
of wireless technologies and architecture in the smart grid, as
well as general security threats that will have to be faced with
and the corresponding solution. Further follows a deep
analysis of proposed FQR scheme to enhance fast and robust
communication in wireless network. Moreover, we present a
summary of the Physical Layer Security and an overview of
attacks and threats on the physical layer of wireless networks
in the smart grid. After that we evaluate the proposed
algorithm and finally, we conclude this work.

Abstract. The Smart grid is the next generation power grid, which
consists of a power grid and an information and communication
technology system. Communication networks play a critical role
in smart grid, as the intelligence of smart grid is built based on
information exchange across the power grid. In power
transmission segments of smart grid, wired communications are
usually adopted to ensure robustness of the backbone power
network. In contrast, for a power distribution grid, wireless
communications provide many benefits such as low cost high
speed links, easy setup of connections among different
devices/appliances, and so on. Wireless communications are
usually more vulnerable to security attacks than wired ones.
Developing appropriate wireless communication architecture and
its security measures is extremely important for a smart grid
system. This work addresses physical layer security in a Wireless
Smart Grid. To understand new types of threats, we review
fundamentals of wireless communication and examine physical
attack models. Hence a defense Quorum-based algorithm is
proposed to ensure physical security in wireless communication.
Keywords: Physical layer security, wireless smart grid, wireless
security.

I. INTRODUCTION
Generally, the smart grid is a power delivery infrastructure
that can increase the efficiency, reliability and flexibility of
the electricity networks through two way flows of electricity
and information. With the use of advanced sensing
technologies and control methods the smart grid may provide
predictive information and corresponding recommendation to
all stakeholders (utilities, suppliers and consumers). The
systems also offers intelligent services such as appliance
control for energy efficiency and integration of Distributed
Energy Resources (DER) [1]. In this sense the smart grid is a
“system of heterogeneous systems” and devices over various
domains. This complex presents many challenges in the cyber
security and privacy aspect. For securing such a complex
systems, different security technologies, such as Public Key
Infrastructure (PKI), Intrusion Detection Systems (IDS),
Virtual Private Network (VPN), antivirus software, firewalls
etc., are used. An enterprise network is built on the Ethernet
using the Internet Protocol (IP). The world‟s largest public
network, the Internet, may interconnect them.

II. WIRELESS TECHNOLOGIES AND
ARCHITECTURE IN SMART GRID
A.

Wireless Technologies in Smart Grid

The National Institute of Standards and Technologies (NIST)
has investigated and proposed a complex infrastructure for
smart grid based on a set of seven domains [4]: bulk,
generation, energy distribution, power transmission, operation
and control, market, service providers and customers. The
public key infrastructure (PKI) is considered as a key security
technology for various smart grid communication networks.
Security problems of networking in smart grid are focused on
the Internet, wireless networks, sensor networks, through an
Advanced Metering Infrastructure (AMI). An AMI is an
interface with the opportunities for managing and interacting
with smart devices and others utility systems through a two
way communication infrastructure. Also multiple networking
technologies can be utilized for the smart grid, including fiber
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optics, Land Mobile Radio (LMR), 3G/4G (WiMax), WiFi
and so on. Which one will be used depends on the smart grid
environment. There are several applications and technologies
integrated in an AMI system including: smart meters, Home
Area Networks (HAN), Wide Area Communication
Infrastructure, Meter Data Management Systems (MDMS) and
operational gateways.
B.

III. ENABLING FAST AND ROBUST
COMMUNICATION USING FHSS AND FREQUENCY
QUORUM RENDEZVOUS
We now present the spread spectrum scheme and frequency
hopping algorithm, which is faster and more robust against
PHY attacks.

Wireless Network Architecture in Smart Grid

A.

In the academic research area several architectures for
implementing smart grid privacy are proposed. In general,
each smart grid network architecture is consisted of three basic
layers: at the top layer is a control center maintained by the
power operator, the second layer presents the distributed
network, consisted of several substations inside, where each is
responsible for the power supply of an area and the lowest
layer consists of a set of end devices and a smart meter
collecting data from the devices. Using IEEE 802.15 standard
they form a wireless sensor network and ZigBee smart profile
as shown in Figure 1 [5].

Spread spectrum schemes have been actively investigated in
terms of the traditional protection provision against jamming.
Two known schemes of spread spectrum are Direct Sequence
Spread Spectrum (DSSS) and Frequency Hopping Spread
Spectrum (FHSS). In FHSS a sender and a receiver
synchronously “hop” between shared sequences. When
detecting attack on the current channel they “hop” to the next
available channels. The efficiency of the FHSS scheme is
based on a shared secure key. Establishing a secure key
pairing under PHY attacks requires another secure
communication.
A solution to break this dependency is to introduce pseudo
random frequency hopping (PFH) which is used in connection
establishment of Bluetooth. The sender and receiver „hop‟
randomly over multiple frequencies and if meeting on the
same frequency by chance, they exchange the key. In
classical Spread Spectrum techniques (FHSS, DSSS), the
sender and receiver share a secret key during communication,
where the receiver constructs the random sequence to detect
and decode the sender‟s signal. In SS techniques key exchange
between sender and receiver is required. Communicating may
be impossible in the presence of a jammer.
There have been several publications to suggest solutions to
this problem. In [6], [7] the uncoordinated Spread Spectrum
(USS) technique has been developed, which enables antijamming communication between nodes, without exchanging
the secret key.
FHSS scheme is not efficient in terms of rendezvous latency,
and time latency increased under PHY attack. Or in the worst
case an attacker may block the rendezvous slot. To improve
these vulnerabilities we propose the frequency hopping
method.

Figure 1. A three layer wireless network architecture in smart grid [5].

C.

Spread Spectrum Scheme Against PHY Attack

Wireless Channel

B.

The standard 802.11b uses the 2.4 GHz frequency band. The
band is divided into 11 channels. Each channel is a contiguous
band of frequencies 22 MHz wide and the center frequencies
are 5 MHz apart. Channel 1, for instance, operates from 2,401
GHz to 2,423 GHz (2.412 GHz ± 11MHz); channel 2 operates
from 2.406 to 2.428 GHz (2.417 ± 11 MHz), and so forth.
Transmitting a wireless signal implies that the sender uses the
center frequency of a pre-defined channel and the signal does
not interfere with any non-overlapping channels within the
band. The receiver must be in the same channel with the
sender in order to receive the signals correctly.

Frequency Quorum Rendezvous

1)
Frequency Hopping System
This section presents the Frequency Quorum Rendezvous
(FQR) algorithm, which is based on a cyclic quorum system
[8]. The FQR exploits two random hopping sequences
independently during the key establishment phase. The
intersection property of the quorum system, guarantees at least
one meeting of pairs of nodes in one time slot [9], where they
exchange the key. Assume that time is divided into periods,
each of which consists of t time slots.
Also suppose that there are N available frequencies,
𝑓𝑖 ∈ 0,1,. . . , 𝑁 − 1 ,
A frequency hopping system is determined by assigning
frequencies to time slots in one period. Therefore, a channel
hopping sequence A can be represented as follows:
𝐴 = 𝑎0 , 𝑎1 ,. . . , 𝑎𝑡−1 = 0, 𝑓0 ,. . . , 𝑡 − 1, 𝑓𝑡 −1 ,
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Where 𝑎𝑖 ∈ 𝐴 is consisted of a pair of (time slot index,
frequency index), and 𝑓𝑖 ∈ {0,1, . . . , 𝑁 − 1} represents the
frequency index at time slot i. Two random frequency hopping
sequences A and B rendezvous if they have at least one
common element: 𝑎𝑖 = 𝑏𝑖 , (0 ≤ 𝑖 ≤ 𝑡 − 1). When a pair of
nodes (sender, receiver) selects the rendezvous sequences A
and B they are on the same frequency at the same time at least
once within a period.

1.

2)
Quorum System.
A quorum system is a group of quorums of a universal set,
where each random pair intersects. Terminologies from [8],
[9], [10], and [11] are used to define the details regarding the
Quorum system.

4.

2.
3.

5.
Definition 1. Given a finite universal set 𝑈 = 𝑋𝑁 =
0, 1, . . . , 𝑁 − 1
of N elements, a subset 𝑆 = {𝑎1 ,
. . . , 𝑎𝑘 }∁𝑋𝑁,
where 𝑎𝑖 ∈ 0, 1, . . . , 𝑁 − 1 , 𝑘 ≤ 𝑁,
presents a cyclic (N, k) difference set if for every 𝑆 ≠
0 (𝑚𝑜𝑑𝑁) exist at least one pair of elements 𝑎𝑖 , 𝑎𝑗 , where
𝑎𝑖 − 𝑎𝑗 ≡ 𝑆 𝑚𝑜𝑑𝑁 . 𝐹or given N, Jiang et al. [8] proved that
𝑁 ≤ 𝑘 ≤ 𝑁. For minimum k, the difference set (N, k) is
called minimal (N, k) difference set.

6.

Definition 2. For (N, k) difference set 𝑆 = {𝑎1 , . . . , 𝑎𝑘 }∁𝑋𝑁
a cyclic quorum systems constructed by S is𝐶 = 𝑄0 ,
. . . ,𝑄𝑁−1,where 𝑄𝑖=𝑎1+𝑖, 𝑎2+𝑖, . . . ,𝑎𝑘+𝑖(𝑚𝑜𝑑𝑁) and
𝑖 = 0,1, . . . , 𝑁 − 1.
C.

Frequency Hopping Quorum Rendezvous

Algorithm 1 is the FQR construction algorithm

Steps 5, 6 together can be illustrated in Figure 2, where node
A is represented with sequence SS and node B with sequence
RS‟. Notice that they rendezvous on channel 3 at time slot 1.

1. Input: N, k, U=XN, and quorum system C
2. Sending sequence A and receiving sequence B
3. Select i randomly, where 𝑖 ∈ 𝑈 = 0, …. , 𝑁 − 1
4. Compute a quorum 𝑄𝑖 = 𝑞0 , … … . , 𝑞𝑘−1 , where 𝑄𝑖 ∈
𝐶 = 𝑄0 , … .. , 𝑄𝑁−1
5. Initials: A=0, B=0
6. For j=0 to k2-1 do
7. 𝑚 ← 𝑗 𝑚𝑜𝑑 𝑘
8. 𝑛 ←

Construct a universal set U=X6={0, . . . ,5} and assume
a (6, 3) difference set S, ( 6 ≤ 3 ≤ 6).
Construct a cyclic quorum system 𝐶 = {𝑄0 ,. . . , 𝑄5 }
from S.
A node A selects a random number i=2 from U and
then assign Q2={2,3,5} from C, e.g. Q0={0,1,3} [8],
Q1={1,2,4}, Q2={2,3,5}, Q3={3,4,0}, Q4={4,5,1},
Q5={5,0,2}.
The following equation computes frequency to the time
slot j from the quorum 𝑄2 = {2, 3, 5}, = 𝑗, 𝑞𝑚 , and
𝑏𝑗 = (𝑗, 𝑞𝑛 ), where m=j mod k, and n=(j-(j mod
k))/k.
Repeat step 4 for all k2=9 time slots, and build sending
and receiving sequences.
Sending sequence:
SS={(0,2),(1,3),(2,5),(3,2),(4,3),(5,5),(6,2),(7,3),(8,5)}.
Receiving sequence:
RS={(0,2),(1,2,(2,2),(3,3),(4,3),(5,3),(6,5),(7,5),(8,5)}.
In the same manner a node B repeats steps 4 and 5 with
a randomly selected quorum 𝑄3 = 3, 4, 0 , and then
builds two hopping sequences SS‟ and RS‟.
Sending sequence:
SS‟={(0,3),(1,4),(2,0),(3,3),(4,4),(5,0),(6,3),(7,4),(8,0)}
and
receiving sequence:
RS‟={(0,3),(1,3),(2,3),(3,4),(4,4),(5,4),(6,0),(7,0),(8,0)}.

𝑗 − 𝑗 𝑚𝑜𝑑 𝑘
𝑘

9. 𝑎𝑗 = 𝑗, 𝑞𝑚 , 𝑤ℎ𝑒𝑟𝑒 𝑞𝑚 ∈ 𝑄𝑖
10. 𝑏𝑗 = 𝑗, 𝑞𝑛 , 𝑤ℎ𝑒𝑟𝑒 𝑞𝑛 ∈ 𝑄𝑖
11. 𝐴 ← 𝐴 ∪ 𝑎𝑗
12. 𝐵 ← 𝐵 ∪ 𝑏𝑗
13. 𝑒𝑛𝑑 𝑓𝑜𝑟
14. Output: 𝐴 = {𝑎0 , … .. , 𝑎𝑘 2 −1 }
15. Output: 𝐵 = {𝑏0 , … … , 𝑏𝑘 2 −1 }

Figure 2. QRCH with (6,3) difference set.

With FQR algorithm if a node wants to transmit, it hops a
frequency according to the sending sequence. On the contrary,
the node selects the receiving sequence. The quorum size
presents the length of one time period. One time period
contains k frames, each of which is consisted of k time slots,
i.e. one time period has k2 time slots. One period presents the
upper bound where FQR ensures at least one rendezvous. FQR
exploits the minimal (N, k) difference set, where the upper
bound of time delay for rendezvous is k2, which also
approximates the given number of frequencies N. On random
hopping channel, N is the optimal value.

Algorithm 1. FQR algorithm

The algorithm generates two different sequences, sending and
receiving, by dividing frequencies to time slots. We present
the algorithm with an example: N=6, k=3, a minimal (N, k)
difference set. The procedure is as follows:
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IV.

sense these signals in the channel and postpone their
transmission. These forms of attack can approximate with
proactive jammer.

PHYSICAL LAYER SECURITY

Wireless channels are sensitive to channel jamming, where
attackers can easily disturb and suspend legitimate users from
accessing a wireless network. This form of attack can disturb
traffic, injecting false message into the wireless network.
Without better authentication mechanism an attacker can take
unauthorized access to a wireless shared medium and destroy
all data transmission and security infrastructures. The PHY
layer of most wireless systems does not possess a built-in
security feature. As a security solution, spread – spectrum
modulation techniques are used at the PHY layer to prevent
jamming attack. The jamming attack, as a vulnerability of the
PHY layer, is treated by security solutions of the PHY layer.
All PHY attacks are categorized into four groups: jamming,
eavesdropping, restricting access and injecting. In this work
we evaluate the performance of the FQR algorithm under
jamming attack and restricting access.
A.

C.

We suppose that a jamming attack fills the wireless medium
with noise signals on a subset of different frequencies
(channels) 𝑛𝑏 , and block all those frequencies. At the same
time, it can listen to other frequencies 𝑛𝑠 for ongoing
transmission. Also assume that a smart jammer does not listen
and block the same frequency at the same time, meaning
𝑛𝑏 ∩ 𝑛𝑠 =0. From restricting access also assume that 𝑛𝑚
frequencies (nodes) are prevented to initiate MAC operation
and 𝑛𝑠ℎ other frequencies (nodes) are restricted from access as
a result of a short backoff timer. Then for the total number of
available frequencies 𝑁 in a network, we have 𝑁 = 𝑛𝑏 + 𝑛𝑠 +
nm + nsh + 𝑛𝑐 , where 𝑛𝑏 , 𝑛𝑠 , nm , nsh , 𝑛𝑐 , is the number of
blocked frequencies, number of sensed frequencies, number of
prevented frequencies for MAC operation, number of
prevented frequencies from the short timer and the number of
clear frequencies respectively. Thus the number of attacked
frequencies 𝑛𝑗 presents the total number of frequencies that
are being blocked or are possibly blocked after being sensed
or restricted from access i.e. 𝑛𝑗 = 𝑛𝑏 + 𝑛𝑠 + nm + nsh , (0 <
𝑛𝑗 < 𝑁). Then the probability of PHY attack 𝑃𝑗 is given by
𝑛
𝑃𝑗 = 𝑗 𝑁.

Jamming Attack

The jammers use many different attack strategies in order to
interfere with other wireless communications. These various
attacking models will have different levels of effectiveness,
and also require different detection strategies.
Jamming presents Denial of Service (DoS) attack that
interferes with the communication between nodes. It prevents
a legitimate sender or receiver from transmitting or receiving
packets on the communication network. A jamming attack
continuously emits signals into the shared medium causing
interference or fills the wireless medium with noise signals.
To perform selective jamming, the adversary must be capable
of classifying transmitted packets in real time, and corrupting
them before the end of their transmission. [12]. Packet
classiﬁcation can be performed by receiving just a few bytes
of a packet, for example, by decoding the frame control ﬁeld
of a MAC-layer frame.
In [13] a power-constrained jammer can corrupt a small
number of data bits, which leads to the loss of the entire
packet. A jammer can also block data transmission by
continuously injecting noise-like signals (or dummy packets)
into a wireless channel, namely a PHY-layer attack [14].
According to objectives and strategies the jammers are
classified into several categories:
Proactive jammer emits noise signals continuously to
completely block a wireless channel and due to this behavior
can easily be detected.
Reactive jammer listens to the channel first and launches a
jamming attack only if sensing any signals on the channel.
B.

Attack Model

D.

Key Establishment Under PHY Attack

Key establishment protocol relies under attack resistant and
requires the available of a shared secret key. Through the
proposed FQR algorithm, a pair of nodes transmit-receive
message and under the presence of attacker, such the key
pairing must be established securely.
If the nodes get their public-key certificates issued by a trusted
authority, they still need to communicate in order to establish
the secret key via an authentication Diffie – Hellman (DH)
protocol [15]. Under DH authentication scheme, two nodes
exchange message with public key and encrypted key.
Because the message M does not fit in one transmission slot, it
can split into the l fragments (M1, M2, . . . , Ml) each of which
can fit into one time slot.
In order for FQR to resist a jamming attack, the dwell time on
the frequency channel must be short. The message M is split
into a set of short fragment M1, . . . ,Ml, which a typical size is
only a few hundred bits. Such a short slot time duration can
prevent detection by jammers with significant probability.
In [16] is explained that a node can send and receive packets
simultaneously. A node continuously sends the set of l packets
and in parallel receives the incoming packets. After receiving
the l packets from A1, B validates A‟s signature, if certified,
B(MA) transmits its signature to A(MB). A terminates sending the
packets set when a timeout expires or A verifies B. According
these, for DH authentication is necessary successful
transmission of 2l packets. After authentication, A and B
extract the shared key from which they construct a common
hopping sequence. Then they transmit data hopping along the

Restricting Access

This type of attack tries to destroy the MAC protocol in order
to prevent the legitimate nodes from initiating MAC operation
or causing packet collision. This conceptually can
approximate with reactive jamming, which starts an attack
when sensing any signal on the channel. But the targets of this
access attack are a multi-user access procedure. Another form
of restricting access is the form in which the attacker backs off
its timer very short so that it occupies the wireless shared
medium first all the time. The others privileged nodes will
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same frequency. As have explained before, that nodes are
needed to exchange 2l packets for authentication, the next
issue is transmission of packets in the presence of jammers.
The nodes can transmit packets, when they rendezvous. The
FQR algorithm can provide at least one rendezvous within one
period of 𝑘 2 time slots.

the corresponding factor of the minimal difference set
(𝑁𝑐 , 𝐾𝑐 ).
Figure 4 presents the impact of time latency with the
probability of PHY attack. FQR algorithm shows better
performance compared to RH in terms of time latency.
Obviously, the FQR reduces the time latency, and for higher
probability values, Pj=0.9, the reduction is approximately 35
percent.

V. EVALUATION
In order to evaluate the FQR algorithm, we apply MATLAB
for the cyclic quorum system by using the minimal (N, k)
difference set (for different values of N, the value of k can be
read from the Table in [8]). For the purpose of performance
measuring, we provide a comparative analysis by presenting
the random hopping (RH) scheme, where a pair of nodes hops
at the same speed. We assume that the hopping speed of a
sender is f=2,4 KHz, the duration of a time slot (dwell time) is
𝛿 = 417 𝜇𝑠, and the switching latency is 𝜏 = 70 𝜇𝑠. The
network bandwidth is B=2 Mb/s and the length of the
messages is L=1600 bits. This length is split into set of l=8
packets. Thus, transmission time of a packets will be 𝑡𝑝 =
𝐿

𝑙

= 100𝜇𝑠 < 𝛿. Additionally, we evaluate the performance
under jamming attack and restricting access (PHY attack) by
considering the DH protocol as a key establishment protocol.
This experiment evaluates two metrics: Time latency [time
slot] without attack as an average time for nodes to
Rendezvous, and the time latency under PHY attack.
𝐵

A.

Figure 3. The impact of time latency of frequency hopping algorithm with
varying number of available frequencies.

Experiments and Results

As far as the first experiment is concerned, we investigated the
impact of the time latency (slots) on transmitting 2l packets
with Pj=0 from the number of available frequencies (N), which
can be computed with the following expression, 𝑡2𝑙 =
2𝑙 𝛿 + 𝜏 𝑁 𝑠 , or expressed in time slots will be: 𝑡2𝑙 =
𝛿+𝜏
2𝑙 𝛿 𝑁 [𝑡𝑖𝑚𝑒 𝑠𝑙𝑜𝑡]. The FQR scheme reduces these time
slots
for
the
factor
(𝑁 𝑘 2 )
i.e.,
𝛿+𝜏
𝑁
𝑡2𝑙,𝑄 = 2𝑙 𝜏 𝑁 𝑘 2 [𝑡𝑖𝑚𝑒 𝑠𝑙𝑜𝑡]. In Figure 3, these impacts are
presented as values of time latency (time slots). According to
this Figure, we notice that in terms of time latency, the FQR
algorithm shows better performance compared to RH.
Moreover, the difference of time latency increases as N
increases, and when N=100, the FQR algorithm reduces the
time latency approximately for 30 percent.
In the next experiment, we investigated the impact of time
latency on the performance of a FQR scheme with the
probability of PHY attack in a wireless network, having 100
potentials channels. Pj is defined as probability of PHY attack
on any time slot, given as Pj=nj/N, where nj is the number of
jammed frequencies, whereas N is the number of available
frequencies. Pj indicates that any transmitted packet in the
wireless network has been attacked. The equation Pj=0
indicates that there is no attack. The expression for time
𝑡
latency can take the form as follows: 𝑡2𝑙,𝑄 𝑃𝑗 |𝑁=100 = 2𝑙,𝑄 .

Figure 4. Impact of time latency of frequency hopping algorithm with the
probability of PHY attack Pj, (N=100).

VI.

In this work we propose the implementation of FQR algorithm
in wireless smart grid communication. The PHY layer is the
lowest level of multiple layers wireless network architecture.
This architecture will satisfy requirements of smart grid
applications in large scale. The attack against PHY layer is the
challenges of all architecture.
The proposed FQR scheme for anti-jamming communication
is faster and robust compared to previous RH scheme. This
scheme constructs two different sequences and allows nodes
to hop over random multiple frequencies without any pre-

1−𝑃 𝑗

And 𝑡2𝑙 𝑃𝑗 |𝑁=100 =

𝑡 2𝑙,𝑄 (𝑃 𝑗 )
,
𝑁𝑐
𝐾𝑐2

CONCLUSION

where 𝑁𝑐 presents the rested

clear number of frequencies i.e., 𝑁𝑐 = 𝑁(1 − 𝑃𝑗 ), and 𝐾𝑐 is
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defined sequence, which provide secure communication. The
FQR system provides Rendezvous amongst nodes within a
bounded time, which reduces the time latency.
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Table 1
Smart grid goals

Abstract-- A smart grid is a new self-healing, self-activating form
of electricity network, which integrates power-flow control,
increased quality of electricity, and energy reliability, energy
efficiency and energy security using information and
communication technologies. Its two-way communication and
electricity flow enable to monitor, predict and manage the energy
usage. To upgrade an existing power grid into a smart grid, it
requires an intelligent and secure communication infrastructure.
A security architecture for distributed communications,
pervasive computing, and sensing security technologies will be
used as a security solution. In this article, we describe the smart
grid goals and tactics solution, and present a three-layer network
communication architecture for smart grid. Next, we discus
about security requirement in smart grid. We then introduce the
current security solution, whose integration is essential for
achieving protection against existing and future sophisticated
attacks.

Main goal
of
smart
grid
Reliability
Efficiency

Security

Such this system is not a simple grid. It can be regarded as a
“system of systems”, that involves both information
technology (IT) and electricity systems. This complex system
presents many challenges in cyber security and privacy aspect
[3]. The grid can by physically attacked by human or by
malicious software that can harm the control system. All of
these forms can be highly dangerous where billing information
of particular user can cause a major economical problem, if
they are not monitored carefully. So for securing against these
threats, virtual private networks (VPNs), public key
infrastructure (PKI) authorization and authentication, intrusion
detection systems (IDSs), firewalls, antivirus software, etc. are
used as a security solution.
The paper is organized as follows: in Section II, a security
communication architecture is presented. Section III discusses
the cyber security requirements for smart grid systems. The
current security solutions are presented in section IV and
finally we conclude this article in section V.

Index Terms--Current security solution, Network communication
architecture, Security requirement.

I.

Self healing, self activating, automated
management and real-time diagnosis.
Accommodation of future alternative,
management with charging of electric
vehicle, cost effective power generation,
transmission and distribution
Improved monitoring, improved reliability,
access control, authentication, privacy
reservation, intrusion detection

INTRODUCTION

The increasing load and consumption demands in electric
power system increase electricity complication such as voltage
variation and overloads and blackouts. Such modernizing of
Power Grid is necessary in order to support reliability
scalability, manageability and extensibility. Also this system
should by secure, cost-effective and interoperable. Such an
electric infrastructure is called a “smart grid”.
The smart grid is a power delivery infrastructure that is
integrated with two-way communication and electricity flow.
Through advanced sensing communication technologies it can
monitor and analyze generation in near-real-time [1], delivery
and power usage. According to the collected information
from monitoring and analysis predictive information and
recommendations to all stakeholders can be provided (e. g.,
consumers, suppliers and utilities).
By having communication and control layer, smart grid will
enable local data processing, two way electricity transmission,
decentralized control, and reliability-efficiency response. The
main goal of smart grid as summarized in Table 1, is to
provide reliability (e.g., self healing, self activating, automated
management and real time diagnosis), efficiency (e.g.,
accommodation of future alternative, management with
charging of electric vehicle, cost effective power generation,
transmission and distribution), and security (physical and
cyber security) [2].

II. SMART GRID NETWORK ARCHITECTURE
Smart grid network architecture is the necessary
communication platform for monitoring and controlling the
grid processes. By generalizing previous proposals in work
[4], [5] we present an integrated cyber security network
architecture with three layers, i.e. Home Area Networks
(HAN), Neighborhood Area Networks (NAN) and Wide Area
Networks (WAN) as illustrated in Figure 1.
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Figure 1. Smart grid network architecture.

At the bottom layer are Home Area Networks. A Home Area
Network has a star-like topology, composed of a smart meter
(SM) at the center, service module (SMD), intrusion detection
system (IDS) module and a few sensors switches.
The service module (SMD) is responsible for providing realtime energy cost to the consumers, while the (SM)
electronically record the real-time data about energy
consumption. These near-real-time data through local gateway
will be forwarded to the control center at the top layer. This
layer also accepts control commands from the upper layer to
connect/disconnect particular appliances through pre-installed
control switches. This layer at the same time tracks and
scrutinizes both incoming and outgoing communication in
order to determine if any security threats are occurring through
the (IDS) module.
At the middle layer is the Neighborhood Area Network
(NAN). The NAN is a large metering and controlling network
which collects devices and service information from the
multiple HAN's and connects the residential networks,
intelligent electric devices (IED's), remote terminal units
(RTU's), smart meter data collector (SMDC) and the intrusion
detection system (IDS). There are added and Data storage
devices to support networked storage of data and local fault
diagnosis. The SMDC usually is a wireless node and is
responsible for the metering record of the whole community
network. The communication gateway can be considered as
the interface that manages the communication between HAN's
and the energy supplier as well as the communication among
the network elements, it performs aggregation of the encrypted

data and some authentication operation to guarantee the data's
authenticity and integrity. It also serves as bridges to connect
the bottom and top layer, in order to allow data exchange.
At the top layer of the architecture is the WAN or regional
network. It provides broadband wired and wireless
communication between the middle layer, substation,
renewable power sources, other distributed grid devices and
the energy supplier. In this layer there are also implemented
the energy distributed system (EDS), the supervisory control
and data acquisition (SCADA) and the IDS module. The
SCADA Controller provides the utility or grid operator with
distributed process control. It is responsible for the real-time
monitoring and control of the power delivery network.
Through intelligent remote control and distributed automation
management, it can help the grid to reduce operation and
maintenance costs and ensure the reliability of the power
supply. The IDS module is responsible to provide security
between the SCADA controller and the energy supplier
(utility).
The communication links of the above presented architecture
are realized by high-speed wired or wireless links or a
combination of them and it runs IP based communication
protocols. Such Top layer, Middle layer and Bottom layer are
connected to the internet through the control center, local
gateway and smart meter respectively.
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III.

SECURITY REQUIREMENTS

C. Integrity and Confidentiality

The reliability and security of smart grid depends on the
reliability and security of the control and communication
systems. In the development of smart grids, communication
systems are becoming more and more sophisticated, to enable
better control and higher reliability. Therefore the power
delivery system focuses on developing equipment to improve
reliability, integrity, availability and confidentiality. Until
recently contemporary communication technologies and
equipment were regarded as supporting the power industry’s
reliability. Smart grid will require higher degrees of network
connectivity in order to have sophisticated security protocols
to deal with the cyber security vulnerabilities. In this section
we discuss the high level security requirements and
vulnerabilities in privacy, integrity, authentication, and
availability for smart grid communications.

Integrity and confidentiality are two main aspects for
computer and network security design and are essential for
securing the smart grids. Integrity refers to preventing
undetected modification of information by unauthorized
persons or systems. In the case of smart grid this refers to
information such as control command or sensor values. The
integrity of the messages include defense against message
delay, message replay and message injection. The target of the
integrity attack can be either network operation information
(e.g., voltage readings, device status) or customer information
(e.g., consumer account and pricing information). In other
words, the target of the attacker is to modify the original
information in the smart grid network in order to corrupt
original exchanged data in the smart grid network.

A. High Level Security Requirements
Providing the system reliability and security has become one
of the most prioritized requirements for power utilities. One of
the highest challenges in the smart grid system is related to
cyber security of the systems [6]. Cyber security must be
caused not only from direct attacks such as from unethical
consumers or terrorists, but inadvertent compromises of the
information infrastructure due to equipment failures, natural
disasters and user errors. Vulnerabilities of the system allow
the attackers to gain access in control software and to
destabilize the grid. Such high level security requirements for
smart grid communication are needed in all devices and
standards.
There are many organizations working on the development of
smart grid security requirements including the International
Society of Automation (ISA) [7], IEEE 1402 [8], the National
Institute of Standard and Technology (NIST), the National
Infrastructure Protection Plan (NIPP) [9] and the North
American Electrical Reliability Corporation – the Critical
Infrastructure Protection (NERC-CIP) [10].
Among these organizations, the security of the grid will
strongly depend on authentication, privacy technologies and
encryption standard.

D. Availability
Availability is the probability that a system will be found in
the operating state at a random time in the future. Availability
also refers to ensuring that unauthorized persons or systems
cannot deny access to authorized users. In case of smart grid
this is taken into consideration for control systems, safety
systems, operator work station, execution systems and
engineering systems. Availability is a target for malicious
attacks, which can be considered as denial of service attack
(DoS) and its target is to embed delay, block or even corrupt
information data in order to move network resources,
unavailable to communication nodes. Many systems in smart
grid use IP based protocols (e.g., IEC61580 [13] has already
used TCP/IP protocols stacks) and TCP/IP is vulnerable to
DoS attacks. Network traffic in smart grid communication
networks is in general time-critical, because delay constraint
of the system is 4 ms. Therefore the smart grid communication
network is more concerned with the message delay than the
data throughput.
E. Authentication
Authentication refers to determination of the true identity of a
communication system and mapping of this identity to a
system- internal (principal e.g., valid user account) by which
this user is known to the system. The mechanisms that provide
authentication usually also provide integrity, the ability to
verify that a message has arrived unaltered from its original
state. Authentication and integrity together cal help smart grid
system to protect against the most common cyber attacks,
including man- in- the middle message modification and
impersonation.

B. Privacy
Privacy issues have to be covered with the costumer
consumption data, which are created in metering devices.
These data contain detailed information of consumers that can
be used for the next proceeding. Therefore the privacy issues
may be addressed by adopting newly anonymous
communication technologies. On the other hand, the traffic
anonymization in networks can cause overhead problems or
delay issues. For some, real-time operations and limited
bandwidth in smart grid may restrict the implementation of
anonymity and privacy. Anonymization is presented in work
[11] and [12]. Such network traffic anonymization techniques
could be considered to hide critical entity (e. g., database or
control center) in smart grid.

IV. CURRENT SECURITY SOLUTION
In this section, we present some current security solution
regarding cyber security for smart grid communication. These
techniques are to be used in combination to provide full
protection against existing or future sophisticated malicious
attacks.
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A. Authentication
Smart grid communication must be authenticated by adding to
the information flow to verify whether a communication
device is the one that is claimed.
The mechanisms that provide authentication usually provide
integrity of devices and data traffic in the grid too.
Authentication and integrity can help smart grid system to
protect against the most common cyber attacks, including
man-in-the-middle, impersonation, forgery and message
modification. Device authentication is the first step of a data
communication and its result is a shared session key for
encrypting and authenticating subsequent data packets. An
authentication scheme should involve minimal message
exchange between grid devices, because the traffic in the
smart grid is delay-sensitive and very intensive. In this context
Fouda et al. [14] proposed a lightweight mutual authentication
protocol by combining the public key encryption scheme and
Diffie-Hellman key agreement scheme. This protocol
considers two arbitrary communicating grid devices i and j, as
shown in Figure 2. At the first step, i encrypts i || j || ga with j 's
public key (where a is a random number), and sends the cipher
text to devices j. At the second step, j decrypts the received
cipher text and responds to i with a generated cipher text on
i || j || gb using the public key of the i devices (b is a random
number).

(s1, s2,..... st) and (v1, v2,..... vt) respectively, where vi = f(si ) and
f is a one-way function. To sign a message m, let the device
calculates the hash value of m: h = H(m) and splitting it into k
substrings h1, h2,...... hk, of log2t bits each and interpreted as an
integer ij. Then the device signature of m can be interpreted
(si1, si2,..... sik).
To verify a signature (s'1, s'2 ,....., s't) over the message m, the
device calculates h = H(m) and splitting it into k substrings
h1, h2,...... hk, of log2t bits each. Interpret each hi as an integer ij
and check if f(s'j) = vij holds. This scheme is extended by
applying a hash chain. The device generate t different random
l - bit strings (s1, s2,..... st). For each si, generate a one-way
chain of length w + 1, i.e., si -> f(si ) -> ..... -> f w(sj). The set of
public key is (v1, v2,..... vt), where vi = f w + 1(si ). To sign a
message m, is calculated h = H(m|c), where c is a counter with
initial value 0. To verify a signature (c', (s'1, s'2,..... s't)) over
the message m, compute h = H(m|c'). Call SPLIT (h) there are
needed to check if 1) all ij from SPLIT (h) are different, 2) the
ij in the same group are sorted in the decreasing order, and 3)
𝑤
𝑓 𝑔 𝑗 +1 (𝑠𝑗′ ) = vij for each j.
For example, in the traditional OTS scheme if H(m) = h1|h2 |h3
is generated and an attacker find H(m') = h2|h3 |h1, the attack
can succeed. Otherwise in the new scheme, the attack can
succeed if only is satisfied H(m') = h1|h2 |h3.
B. Access Control
A typical system role in smart grid include operators,
technicians, engineers, policy makers, managers and so on,
and by regulation these roles have different access privilege to
grid devices in the system. Cheung at al. [17] proposed an
role-based access control model special devised for smart
grid requirements known as smart-grid role-based access
control known as smart grid role-based access control
(SRBAC).
This scheme can increase the system reliability and prevent
the potential security threats.
The control center of each regional network is responsible for
management security policy for all inside community
networks and can be used as an interface to communicate with
outside of the regional networks.
Access control has been studied by Bobba et al. [18]. They
proposed a policy based encryption scheme for access control
in smart grids. The main element of the scheme is the key
distribution center (KDC), who distributes keys and access
policies to data senders and receivers. A receiver can decrypt
information, if it has a valid set of attributes. This scheme may
failure if the single KDC is compromised, and requires the
KDC to be online during data access, because halting all
activities during failure.
Ruj et al. [19] proposed access control mechanism, which
gives selective access to consumers data stored in data
repositories and used by different smart grid users. The
problem of access control is solved using cryptographic
techniques of attribute-based encryption. Users and Remote
Terminal Units (RTU's) have attributes and cryptographic
keys distributed by several key distribution centers (KDC).

Figure 2. Two step mutual authentication.

After receiving j’s response packet, i recovers 𝑔 𝑎 , 𝑔 𝑏 with its
private key. If the recovered 𝑔 𝑎 , is correct, j is authenticated
by i. Then with 𝑔 𝑏 , and a, i can compute the shared session
key 𝐾𝑖 = 𝐻(𝑖| 𝑗 |(𝑔 𝑏 )𝑎 , where H: {0,1}* ∈ 𝑍𝑞∗ is a secure
cryptographic hash function, and sends 𝑔 𝑏 to j in the plaintext
form. In the next step if the correct 𝑔 𝑏 is received by the j, j
authenticates i, and computes the same shared session key
𝐾𝑖 = 𝐻(𝑖| 𝑗 |(𝑔 𝑎 )𝑏 .
Since, the secrets ga and gb can be accessed by each other, then
both of them can identify each other. After generation of the
session key ki,j, the random numbers a and b are deleted, so
this guarantee the security of the previous session key.
A traditional One-Time Signature (OTS) is not designed for
smart grid, and they may have high storage and bandwidth
overhead. To address this problem, Li and Cao [15] devised a
new one-time signature (OTS) scheme, which can reduce the
storage cost by a factor of 8 and reduce the signature size by
40 % compared with the existing scheme. In traditional OTS
[16], the secret and the public key of the devices are
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access control in smart grid and for the other smart grid
communication scheme based on homomorphic Paillier
cryptosystem [21]. This scheme processes all the dimension
data as a whole rather than separately, thus reducing
computational overhead and communication cost. Below, we
describe the fundamentals principle of EPPA and present its
performance in comparison with the traditional scheme
(referred TRAD). The details for this scheme and performance
evaluation can be found in [25].

C. Privacy Preserving
The current architecture for smart grids has serious privacy
issues [20]. Smart grid communications must assure that the
communication data preserves privacy anywhere at any time.
In work [12] the author proposes two types of metering data in
smart grid network. The low-frequency metering data, which
are the meter readings a smart meter transmits to the utility
coarse enough (e.g., every week or month) to offer adequate
privacy, and can use for billing purposes or account
management. The high frequency metering data, are the meter
readings a smart meter transmits to the utility often enough
(e.g. every few minutes) to suggest information (e.g. usage
patterns of specific electrical appliances) and is distinct to
regional control centers for fine-grained real-time control and
optimization. A solution to this classification, Efthymiou and
Kalogridis [12] proposed to assign two separate ID's
embedded in the smart meter one for low-frequency data
transmission (LFID) known as attributable ID and the other
for high frequency data transmission (HFID) known as
pseudonymous ID. The objective of privacy preservation is to
provide anonymity of the HFID and metering data. There is
introduced a trusted third party, known as escrow service. It
knows the connection of a valid (HFID/LFID) pair, and
assigns two public/private key pairs to each smart meter. After
joining the smart meter in the smart grid, firstly is needed
registration process. The process of registration is necessary
for the grid devices to recognize and accept the readings of
smart meters. The main idea is to register each smart meter. At
the first step, the smart meter informs the utility with public
key of the LFID. At the second step, the smart meter sends its
HFID and HFID public key to the escrow services, and then
the escrow forwards them to the control center. As seen the
utility is not involved in the second step, the HFID remains
unknown to the utility.
To preserve user privacy, local gateways should not be able to
access the content of consumers’ data. To perform data
aggregation, homomorphic encryption techniques [21] may be
applied for encrypting consumers’ data. In this technique, a
specific linear algebraic manipulation toward the plain text is
equivalent to another one conducted on the cipher text. This
feature allows the gateway to perform summation and
multiplication based aggregation on received consumer data
without decrypting them. Existing data aggregation scheme
[22], [23], [24)] consider one-dimensional information. Smart
meters metering data are multi-dimensional, for example,
including the amount of energy consumed, at what time and
for what purpose the consumption was and so on. When
multiple dimensions are present, the existing schemes will
have to process every dimension separately. The power
metering data is small in size, smaller than the plain text space
of the encryption algorithm used. Each time when the data is
encrypted, its size is increased to occupy the entire plain text
space. Considering the high data collection frequency, multidimensional use information and massive number of
consumers and as a result a large portion of the
communication bandwidth is wasted, and transmission delay
is increased as a result. Under these conditions, we proposed a
new Efficient and privacy - Preserving Aggregation (EPPA)
scheme [25] in security architecture for privacy preserving and

a)

b)
Figure 3. Performance comparison: EPPA [25] vs. TRAD scheme. a)
Computation cost of Users and OA, b) Computation cost of the OA.

Suppose that smart metering data has l dimensions, and then
the control center calculates the Paillier Cryptosystem’s public
key n = (p1 * q1, g) and the corresponding private key (λ,µ),
where p1, q1 are two large primes with |δ| = |q1| = k1. Then the
control center chooses a super-increasing sequence ā = (a1 =
1, a2 ,.....al), where a2 ,..... al are large primes. After that, the
control center computes (g1 , g2 ,.....gl ), where gi = gαi, for i =
1, 2, ....., l. There (n,g) are public and master key (λ, µ, ā) are
secret. The users ui uses the smart meters to collect l types of
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data di = (di1 , di2 ,.....dil), where dij ≤ d and encrypts di into to a
piece of one dimensional metering data.
Each user 𝑈𝑖 encrypts
𝑑
𝑑
𝑑
𝐶𝑖 = 𝑔1 𝑖1 . 𝑔2 𝑖2 . . . . . 𝑔𝑙 𝑖𝑙 𝑟𝑖𝑛 𝑚𝑜𝑑 𝑛2 =

ciphertext can be calculated as 𝐶 = 𝐸 𝑚 = 𝑔 𝑚 𝑟 𝑛 𝑚𝑜𝑑 𝑛2 .
Each consumer 𝑈𝑖 ∈ 𝑈 in their Home Area Network (HAN)
has a smart meter (SM), which records the real-time data of
the consumed energy.
The smart meter encrypts these real-time data of the form
𝑃𝑗 = 𝑔 𝑃𝑗 𝑟𝑗𝑛 𝑚𝑜𝑑 𝑛2 (𝑟𝑗 ∈ 𝑍𝑛∗ ) and will be sent to the local
GW. The packets of all 𝐻𝐴𝑁𝑗 will be sent to the GW, which
aggregates all the results by 𝐶𝐺𝑊 = 𝑗 ∈ 𝐻𝐴𝑁𝐶𝑗 . The packet
is then reported to the nearest substation/RTU. The
substation/RTU reads the content of the packet and decrypts
the aggregated results with secret 𝑆𝐾 𝑖 key.

𝑑

𝑔𝑗 𝑖𝑗 𝑚𝑜𝑑 𝑛2 as the ciphertext, where 𝑟𝑖 is a random
number. The gateway perform aggregation of received chipher
text from all users as
𝑙
𝑛
𝑗 =1 𝑟𝑖

𝑤
2
𝑖=1 (𝐶𝑖 ) 𝑚𝑜𝑑 𝑛 =
𝑑
𝑑
𝑑 𝑖𝑙 𝑛
𝑤
𝑖1
𝑖2
2
𝑖=1 𝑔1 . 𝑔2 . . . . 𝑔𝑙 . 𝑟𝑖 𝑚𝑜𝑑 𝑛 =
𝑤
𝑤
𝑤
𝑑
𝑑
𝑑
𝑛
𝑔1 𝑖=1 𝑖1 . 𝑔2 𝑖=1 𝑖2 . . . . 𝑔𝑙 𝑖=1 𝑖𝑙 . ( 𝑤
𝑖=1 𝑟𝑖 )
𝑀
𝑛
2

𝐶=

𝑚𝑜𝑑 𝑛2 =

𝐶𝐺𝑊 =

𝑔 . 𝑅 𝑚𝑜𝑑 𝑛

𝑗 ∈ 𝐻𝐴𝑁𝐶𝑗 = 𝑔

𝑗 ∙𝑃 𝑗

(

𝑗 𝑟𝑗 )𝑛 𝑚𝑜𝑑 𝑛2

The Substation/RTU can decrypt the aggregated message
using the λ(n).

is still a ciphertext of Paillier Cryptosystem, where w is the
number of consumers (smart meters), 𝑀 = 𝑎1 𝑤
𝑖=1 𝑑𝑖1 +
𝑤
𝑤
𝑎2 𝑤
𝑖=1 𝑑𝑖2 + . . . . 𝑎𝑙 𝑖=1 𝑑𝑖𝑙 ; 𝑅 =
𝑖=1 𝑟𝑖 .

D. Intrusion Detection
The above security technique for smart grid provides defend
against attack launched by an adversary. Intrusion detection
provides a second line of defense.
In [26] IDS is defined as: “Intrusion detection is the process of
monitoring the events that occur in a computer system or
network and analyzing them for signs of possible incidents”.
Based on recognizing intrusions, there are three types of
IDS's:
 Signature - based IDS, which has a database of
predetermined attack patterns, known as signatures
and it can detect the intrusions by comparing the
system behavior with these signatures.
 Anomaly - based IDS, which detects malicious
activities as deviation from normal behavior of the
system.
 Specification based IDS also detects intrusions as
deviation from normal behaviors of the system.
Zhang et al. [4] proposed a hierarchical IDS
framework, where an IDS module is installed
distributed along the network hierarchy. This is on
smart meter, on gateway and the control center, as
shown in Figure 1.
The IDS module at the bottom layer accepts real time
information from smart meters; the IDS module at a higher
layer accepts input only from the IDS module at the
immediate lower layer, such as, if an attack is detected by an
IDS module, an alarm will be signalized by the corresponding
layer.
Each IDS module has two components: a classifier (for attack
classification) and a recorder (for logging and evaluation). For
realizing the classifier, Zhang et al. suggested to apply Support
Vector Machine or clonal selection to build the classifier.

At the control center the aggregated ciphertext C is decrypted
with the private key (𝜆, 𝜇) to recover M. The control center
can recover and store the aggregated data (𝐷1 , 𝐷2 , . . . . . 𝐷𝑙 ),
where each 𝐷𝑗 = 𝑤
𝑖=1 𝑑𝑖𝑗 . Figure 3 shows that EPPA has
significantly less overhead than TRAD scheme.
In addition, we propose the usage of EPPA [25] as a
multidimensional data structure for privacy-preserving
aggregation scheme in architecture for access control. This
architecture consists of two parts. The privacy-preserving
aggregation scheme operates in the first part. There is a
substation/Gateway, which collects information from a large
number of consumers 𝑈 = {𝑈1 , 𝑈2 , . . . . , 𝑈𝑤 } as shown in
Figure 4 and aggregates all the collected information to the
substation/RTU (Remote Terminal Units).

V.

Figure 4. Privacy-preserving aggregation scheme.

CONCLUSION

Smart grid as a critical infrastructure requires comprehensive
solution for cyber security. In this article, we have presented
the smart grid network architecture and discussed security
requirements. A smart grid security solution includes
traditional schemes such as PKI technology, access control
and authentication mechanisms, privacy-preserving and
intrusion detection security technologies. Primary among them

The Gateway (GW) here is responsible for aggregation and
relaying. The aggregation component aggregates electricity
information of consumers, while relaying component is
responsible for forwarding the aggregated data to the
substation/RTU. According to Paillier, the Homomorphic
Cryptosystem public and secret key can be represented as:
𝑃𝑘 𝑖 = (𝑛, 𝑔), 𝑆𝑘 𝑖 = 𝜆 𝑛 . For given message 𝑚 ∈ 𝑍𝑁 , the
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is the need for a cohesive set of requirement and standards for
smart grid security. In addition, we propose a new Efficient
and Privacy - Preserving Aggregation (EPPA) [25] scheme in
security architecture for privacy preserving and access control
in smart grid and for the other smart grid communication
scheme based on homomorphic Paillier cryptosystem [21].
The scheme also demonstrates security strength and privacypreserving ability.
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information to continuously adjust the rate of insulin delivery.
This closed-loop control is very similar to the function that is
performed by a healthy human pancreas; in other words, the
research’s aim is to design a device that essentially functions as
an artificial pancreas.

Abstract— A discrete insulin infusion based on long-time interval
measurement is the classic technique for diabetes treatment.
Nevertheless, in this research, a closed-loop control system was
proposed
for continuous drug infusion to overcome the
drawbacks of these typical discrete methods and develop more
practical diabetes therapy systems. A blood glucose-insulin
system was implemented relying on continuous insulin injection
model. Based on this model, two controllers were designed to deal
with the control dilemma of the resulting highly nonlinear plant.
The controllers designed in this paper are: proportional integral
derivative (PID), and sliding table controllers. Simulation results
have shown that the sliding table controller can outperform the
PID controller even with severe circumstances of disturbance in
glucose, such as exercise, delay or noise in glucose sensor and
nutrition mixed meal absorption at meal times.

Fig. 1.

Block diagram of closed-loop insulin delivery.

Keywords- diabetes; glucose; PID; sliding table; insulin

I.

II.

INTRODUCTION

THE MATHEMATICAL MODEL OF DIABETES

In order to have a reliable model-based automatic insulin
delivery system operating under various physiological
conditions, a model must be synthesized that has glucosepredicting ability and includes all the major energy-providing
substrates at rest, as well as during physical activity. The
mathematical models of metabolism proposed to use, in this
paper, glucose-based and have the contribution of free fatty
acid (FFA) metabolism, which is an important source of energy
for the body. Also, significant interactions exist among FFA,
glucose, and insulin.

Many researchers have attempted to find methods for
diagnosing and treating diabetes disease. One of the approaches
is to design an automated closed-loop insulin delivery system.
A fully automated closed-loop insulin delivery system (also
known as an artificial pancreas) could potentially be the
ultimate answer for blood glucose control in diabetic patients.
This system and can mimic the activity of a normal pancreas
and is capable of maintaining physiological blood glucose
levels for insulin-dependent diabetic patients.
Such an artificial pancreas system can theoretically produce
tight glucose control without finger-stick blood glucose
measurements, subcutaneous insulin injections, or hypo-/hyperglycemic events, thereby dramatically improving the quality of
life for an insulin-dependent diabetic patient. The artificial
pancreas is a system of integrated devices containing only
synthetic materials, which substitutes for a pancreas by sensing
plasma glucose concentration, calculating the amount of insulin
needed, and then delivering the correct amount of insulin.
Typically, such a device is comprised of a glucose monitoring
sensor, an insulin pump, and a control algorithm to regulate the
pump to deliver the insulin in order to maintain normoglycemia in presence of sensor measurements.

It is important to consider these metabolic interactions in
order to characterize the endogenous energy production of a
healthy or diabetic patient. In addition, physiological exercise
induces fundamental metabolic changes in the body. A mixed
meal model was developed to capture the absorption of
carbohydrates (CHO), proteins, and FFA from the gut into the
circulatory system. The mixed meal model served as a
disturbance to the proposed model. An exercise model was
used to incorporate the effects of exercise on glucose and
insulin dynamics to capture the changes in glucose and insulin
dynamics during and after mild-to-moderate exercise.
A composite model capable of predicting FFA-glucoseinsulin dynamics during rest and exercise was developed by
Anirban Roy, in his Ph.D. dissertation [1], where the model
successfully captured the FFA-glucose interactions at the
systemic level, and also successfully predicted mild-to-

Fig. 1 shows a basic block diagram of this type of closedloop control for the regulation of glucose levels. In this figure,
a controller receives the difference between the glucose set
point (desired BG) and the glucose reading, and uses this
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moderate exercise effects on glucose and FFA dynamics.
Because of this very nature, the composite model was selected
in this work to provide a platform for the development of close
loop controllers to maintain glucose homeostasis of a diabetic
patient. Fig. 2 shows the simulation model of the composite
glucose-insulin model used using Simulink in Matlab as a basis
for the design of controllers.
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B. Sliding Table Controller
This control algorithm translates BG levels readings into
matching insulin delivery rates to be given to the patients. The
basic sliding table has the form shown in Table I., and features
a commonly used starting scale for treating hyperglycaemia in
critically ill patients at [5].
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Simulation of the PID Controller.
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CONTROLLERS DESIGN AND SIMULATION

Insulin delivery was adjusted at the turn of each sample
time, and maintained at the new delivery rate during the
sample. The control algorithm was configured to bring BG to
the target range, taking a conservative control approach. Fig.4
shows the simulation model used for the sliding table
controller.

Our studies have focused on using of the mathematical
composite model in section two to developing two control
algorithms: the PID and Sliding table control using
Matlab/Simulink [6]. The target blood glucose range that the
controllers were supposed to attain and maintain is similar to
healthy blood-glucose levels are between 70 mg/dL and 120
mg/dL before meals and less than 180 mg/dL after meals [2].
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A. The PID Controller
The most traditional of all controllers is probably the
proportional-integral-derivative (PID) controller. A PID
controller uses a proportional term, an integral term, and a
derivative term, each with a coefficient that provides a weight
for that term. In many processes in industry, PID controllers are
used to keep some kind of a steady state [3], [4].
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The controller takes a measurement from a plant process
and compares it with a set-point (reference) value. The
difference (or “error” signal) is then used to adjust the input to
the plant in order to bring the measured value back to its
desired set-point. PID controller can adjust process outputs
based on the history and rate of change of the error signal. The
schematic diagram of the PID controller used with the
composite model is shown in Fig. 3.
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IV.

RESULTS OF CONTROLLERS TESTS

Plasma Glucose, Insulin Conc. and Insulin Infusion
250

Item
Mixed meal

Glucose, g
70

FFA, g
20

100

50

Fig. 7.

Protein, g
18

TABLE III.

Fig.5 shows the response of the plant to the single mixed
meal with no controllers. In other words, there is no insulin
infusion. Fig.6 shows the response of the plant to the single
mixed meal when regulated by the PID method. On the other
side, Fig.7 shows the response of the plant when controlled by
the sliding table controller. These results were taken under no
disturbances.

200

300
time (min)
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600

DAILY LIFE OF MIXED MEALS AND EXERCISE

Time, min Glucose, g Protein, g FFA, g

Breakfast

20

46

9

10

Lunch

350

76

18

20

Exercise

550-640

Dinner

750

76

18

20

Percentage of
physical activity

55 %

Although, the mixed meal for lunch and dinner have the
same quantity, the blood glucose level has raised after dinner
more than after lunch where both controllers has infused more
insulin. However, the sliding table controller responded more
clearer to blood glucose rise compared to the PID controller, as
shown in Fig. 8, and Fig. 9.
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Sliding Table Controller Response to Single Mixed Meal Test.
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B. Daily Life Test
Here, we test how the controllers can deal with multi mixed
meals and exercise, by supposing a daily life of a healthy
person as shown in Table III.

SINGLE MIXED MEAL AMOUNTS.

Time, min
20

G: P. Glucose
UI: Infused I.
I : P. Insulin

150

0

A. Single Mixed Meal Tests
In this type of test we apply a single mixed meal SMM and
all controllers were adjusted to get best response to this test.
The following table, Table II. shows the single mixed meal
contents used in the simulation.
TABLE II.
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This section aims to show side-by-side comparison testing
results of the various approaches of closed-loop control of
blood glucose levels under a variety of perturbations. Side-byside comparison testing used to evaluate which controllers
yield better blood-glucose regulation, and which controllers
minimize the amount of insulin delivered. These types of true
comparison were done using common testing procedures.
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This result is due to the exercise that was done before the
dinner time which caused the plasma FFA elevation. The
increased availability of FFA at rest has an inhibitory effect on
tissue glucose uptake, as shown in Fig.10.
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D. Noise in Glucose Sensor Test
In this type of test we apply a single mixed meal as shown
in the last section, with signal to noise ratio (SNR = 10 dB) in
the glucose sensor. The simulation results for both controllers
are shown in Fig. 13, and Fig. 14. Table V. illustrates the
results of controllers response to different tests on single mixed
meal.
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Top) Percentage Physical Activity, (Bottom) Plasma FFA
Concentration.

Plasma Glucose, Insulin Conc. and Insulin Infusion
200

Table IV. illustrates some measurements of the PID and the
sliding table controllers in response to daily life test.

G(mg/dl), I (mu.U/ml), UI (mU/min)

TABLE IV.

CONTROLLERS MEASUREMENTS OF DAILY LIFE TEST
Item

PID

Sliding

Maximum glucose (mg/dL)

208.6

272.4

Minimum glucose (mg/dL)

87.45

84.06

Duration of Hyperglycemia (min)

0

10

Duration of Hypoglycemia (min)

0

0

Total infused insulin (U)

49.6

37.84

Infused insulin above basal (U)

30.01

21.93

G: Plasma Glucose
UI: Insulin Infusion
I : Plasma Insulin
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Fig. 13.
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C. Delay in Glucose Sensor Test
In this test, both controllers were tested against time delay
in the glucose sensor (e.g. five minutes delay). The single
mixed meal used in the simulation is as shown in the first test
Table II. The response of the plant to the single mixed meal
with time delay when controlled by the PID algorithm is shown
in Fig. 11. For a matter of comparison, the response of the plant
when controlled by the sliding table controller is shown in Fig.
12.
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TABLE V.

RESULTS OF CONTROLLERS RESPONSE TO DIFFERENT TESTS ON SINGLE M IXED MEAL
No Disturbance

Sensor Delay

PID

Sliding

PID

Sliding

PID

Sliding

No
Control

Maximum glucose (mg/dL)

186.5

249.1

196

248.7

184.6

248.7

591.5

Minimum glucose (mg/dL)

88.97

84.15

67.77

76.2

82.26

83.79

89.58

Duration of Hyperglycemia (min)

0

0

0

0

0

0

541

Item

Sensor Noise

Duration of Hypoglycemia (min)

0

0

0

0

0

0

0

Total infused insulin (U)

20.49

16.43

22.92

17.41

27.09

16.47

0

Infused insulin above basal (U)

10.26

9.064

18.61

10.18

21.58

9.051

0

V.

CONCLUSIONS

although the overshoot in the Sliding controller is more than
that what happen in the PID controller, the controller has a
stable oscillation in blood glucose level and less drop. Thereby,
requiring less insulin infusion. In conclusion, taking into
account all the previous testing circumstances, resulting tables
and figures have shown that sliding table controller is more
reliable, safer and less insulin consumption than the PID
controller. Moreover, real world cases should have a delay
or/and noise in glucose sensor. Therefore, sliding table control
would be preferable and advisable when it comes to critical
diabetes cases.

The PID controller in daily life test has an ideal response
where soon after the overshoot that happened due to the
ingestion of mixed meal, the blood glucose BG level returned
back to the basal level. In contrast, the overshoot in the Sliding
controller is more than that what happened in the PID
controller, where the effect of long time of high overshoot has a
long term effect on the life of the patient. In the stage of steady
state the sliding controller has an oscillation in blood glucose
level. In the second test when the glucose sensor has 5 minutes
time delay, the PID controller cannot keep the blood glucose
level at the basal level. This drop in blood glucose level is
below the basal line is due to the wrong insulin doses causing
danger to the patient, which has a short term effect on his/her
life. In contrast, the overshoot in the Sliding controller is more
than what happened in the PID controller, however, the sliding
table controller has a less drop with almost constant oscillation
around the steady state in blood glucose level. Thus, less
infused insulin is required.
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however, due to high requirements, even they may be highly
customized.

Abstract—SCADA (Supervisory Control and Data Acquisition) systems monitor industrial and critical infrastructures, so
assessment of their performance and security is important. They
are complex systems deployed over wide areas, hence their
modeling and simulation is far from trivial. In fact, often it
necessitates the co-simulation of the processes supervised, as
well as the network communications between SCADA components. Selecting the appropriate modeling and simulation tools is
critical, because the combination of domain specific simulators
with network simulators while considering the crucial aspect
of time synchronization, enables the deployment of dependable
simulation environments. This paper describes the architecture
of SCADA networks, analyzes the characteristics of the most
common used network simulators and surveys existing simulator
implementations in multiple SCADA application domains. As
SCADA systems have evolved towards standardization, there are
great opportunities for simulation tools that will allow us to
enhance and fine-tune their performance. The key objective of this
paper is to review the state of the art of performance simulation
of SCADA simulation systems.

Standardization of SCADA systems and especially of
SCADA networks has also boosted the reusability of components for SCADA simulators. Towards this direction the
High Level Architecture (HLA) [3] facilitates the development
of simulator environments, providing the generic framework
to combine multiple simulation platforms. However, when
designing any simulator it is crucial to take into account where
and how it is going to be used. This paper provides a survey
of existing SCADA simulator tools, but also aims to serve as
a guide of what are the best practices one should keep in mind
when using those tools.
The rest of the paper is organized as follows: In Section
II we describe the architecture of the SCADA systems giving
simultaneously a quick overview of the communication topology and the security issues. In Section III we highlight the
requirements and the architecture that a co-simulation platform
should be in line. In Section IV we describe and analyze
the communication network co-simulation tools as well as we
survey the most relevant research implementations. Finally, we
conclude in Section V by briefly describing the most critical
challenges that have to be tackled in order to develop a reliable
and robust SCADA simulation environment.

Keywords—SCADA system architecture, SCADA networks,
SCADA security, co-simulation environments, network simulators

I.

I NTRODUCTION

SCADA systems [1], [2] have become the paramount
technology for monitor and control of large-scale industrial
and critical infrastructures during the last decades. They are
consistently used in oil and gas refineries and pipelines, water
treatment and distribution, electrical power generation and
transmission, as well as in railways. The term SCADA is
commonly used to describe computerized control systems
whose field devices are geographically spread, sometimes
beyond the country borders. These field devices are connected
to their control center(s) via Wide Area Networks (WANs)
using diverse protocols, over wired or wireless channels.

II.

SCADA S YSTEMS

Because SCADA are control systems where availability is
key requirement, they often involve more or less tight closed
control loops that allow the system to operate for large time
periods even in the absence of external interaction.
Distributed Control Systems (DCS) on the contrary, are
smaller, closed loop systems that cover a limited area and
geographically localized processes not exceeding the bounds
of an installation. DCSs are also used in industrial applications
to monitor and control distributed equipment without human
intervention for its normal operation. For large operations,
DCS is operating as part of SCADA and is interconnected with
it, thus allowing operator interaction. The field equipment is
connected to the DCS control center via a local area (LAN)
control network, offering higher reliability as well as relatively
higher physical and cyber security compared to a flat SCADA
architecture.

SCADA systems typically cover wide area and are comprised of multiple, often redundant entities as well, as communication modes between them. They are deployed over, and
expected to remain operational for decades providing high
availability. As a result, they are quite complex while needing
to adhere to strict availability, robustness, extendability and
often security constraints. SCADA simulators are used to help
with many of those tasks, including planning, resource optimization, personnel training, security checks, demand prediction, and robustness to disaster scenarios. Legacy deployments
often involve non-standard architectures and custom-designed
software. Modern deployments adhere to Industry standards,

In the early days of SCADA systems, they run on dedicated
networks supporting only proprietary protocols with limited
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access points in order to allow distant users to examine the
state of the SCADA system. Although this is not recommended
for security reasons, some authorized and privileged remote
users could interact with the SCADA control devices. Nevertheless, the corporate infrastructure layer is considered untrusted due to its exposure to the internet. Therefore, remote
access should be restricted only in emergency situations.

connectivity. Security was based on physical location separation as well as the offered by the obscurity of vendor-specific
software and hardware. Among other imposed limitations, this
cause scalability as well as interoperability problems. However, most modern gateway devices support multiple standard
protocols over IP and are often wireless. Modern SCADA
systems usually offer robust communications utilizing multiple
communication channels with varying reliability, throughput,
and latency characteristics. Detailed and fast control of multiple locations allows for faster and more precise reactions that
fine tune the system operation. However, at the same time the
complexity of the system increases.

2) Local Communication: The communication between the
field devices and the control center is provided by the control
network. Historically, SCADA networks have been dedicated
networks using proprietary protocols. That led to complex
types and structures with no support for interoperability.
Dozens of those proprietary protocols exist. Nevertheless, over
the years the industrial control companies started adopting
common open standard protocols and after the proliferation
of IP networks the trend is to encapsulate SCADA packets
into TCP/IP frames. The most popular industrial protocols are
Ethernet/IP, Modbus-TCP, DNP3, Profibus etc. Furthermore,
to address interoperability through the creation and maintenance of non-proprietary open standards specifications, the
OPC Foundation [4] developed an Application Programming
Interface (API); the OPC protocol. OPC facilitates the data
transfer between the industrial control systems, the HMI, the
historian and the Enterprise Resource Planning (ERP) systems.
More recently, the platform independent OPC UA protocol [5]
was introduced in order to disengage from the Microsoft COM
based OPC classic.

1) Architecture: A typical SCADA architecture is depicted
in Figure 1. Field devices such as Remote Terminal units
(RTUs) or Programmable Logic Controllers (PLCs) are connected with sensing equipment (meter readings) and switchboxes or valve actuators spread in the process field. The
RTUs in remote locations accumulate data and send them
via a communication link to the SCADA master station. The
SCADA server compiles the data, transfers alarms and events
to the Human Machine Interface (HMI) and stores the collected
data in a large database called historian. The historian logs
and archives time-based process data allowing performance
monitoring, trend analysis and auditing. The HMI is used
to provide an interface to the operators. It displays data to
the operators and allows them to monitor the state of the
process and to interact with the field devices providing input
forms, when an action is required. Multiple HMIs may exist
with diverse access rights depending on the requirements of
different users (e.g. operator or system engineer).
ERP

Manager

3) Security: SCADA progressively moves towards general
purpose information technologies such as Ethernet and TCP/IP
for both critical and non-critical communications. However,
while the use of common protocols is considered beneficial
and cost effective, it exposes the vital operational processes
to threats coming from the outside world. Several types of
attacks ranging from unauthorized user access (hacking) and
eavesdropping to data interception and denial of service attacks
expose SCADA systems in high risk. The best defense against
these threats is to completely isolate the network from the
outer world. However, this cannot be entirely done; therefore additional means of enhancing security [6] should be
considered. In the direction of mitigating these cyber threats,
one commonly suggested practice is to isolate the SCADA
and process control networks from the enterprise network
and the internet through the deployment of firewalls, creating
different zones of trust. Architectures that allow the communication between the untrusted enterprise networks to the trusted
SCADA network only via Demilitarized Zones (DMZ) provide
the most effective security solution as illustrated in Figure
1. It has been long advocated to apply the principle of least
privilege which provides a user or process only the minimum
set of rights absolutely required to perform a task whilst deny
everything else. Additionally, when the architecture requires
the deployment of multiple firewalls, it is highly recommended
to use firewalls from different vendors in order to enhance the
security.
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Fig. 1: SCADA Architecture
The top layer as illustrated in Figure 1 is the corporate infrastructure layer. This includes Enterprise Resource
Planning (ERP) systems for operational management, production scheduling, business planning and logistics. Usually, the
business management layer contains various servers, hosts,
network devices providing internet services such as web, FTP,
and e-mails. Moreover, this layer usually supports remote user

III.

EMULATION AND SIMULATION SUPPORT

The main difference between a common IT infrastructure
and a SCADA system is the operational continuity that a
SCADA system must support. This means that even the most
secure, trusted and reliable update cannot be immediately
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applied without rigorous testing in part of the real system. Any
potential malfunction that occurs during the installation of new
software may interrupt the critical operation process causing
loss of availability and consequently significant damage to the
operation. Even more, as SCADA coupled with command and
control systems are used for monitoring of vital operations
they cannot be directly used for other activities such as
patch management and software testing, cyber security testing,
network performance evaluation or personnel training.

User Interface
GUI

Scripts

Network Simulator
Protocols

Even though the procurement of a full redundant system
for addressing such non-operational activities is most probably
the ideal solution, it may not be the feasible. A SCADA system
is comprised of several units in diverse domains and that
makes the deployment of redundant equipment impossible or
cost ineffective. Taken this into account the deployment of a
reliable simulation environment that adheres to all the SCADA
requirements is the most promising way for addressing the
aforementioned issues.

Coordinator
Data
Exchange

Models
In addition, the interaction of communication networks and
the domain specific systems such as electric grid components
would be cumbersome to study without the aid of accurate
models and scalable simulation environments. The analysis
of complex processes which include integrated, discrete or
continuous methods require appropriate simulation models and
techniques. In this context, power grid modernization efforts
call for powerful modeling and simulation tools for hybrid
systems. Furthermore, in power grid applications (e.g substation automation) or more general in wide area monitoring
scenarios the use of modern communication technologies is
considered mandatory; hence, the adoption of cutting edge
network simulators is the only feasible way to experiment and
evaluate these networks. For these reasons, it is essential to develop a simulation framework that will allow for modeling and
simulating the different components in various circumstances.

Domain specific
Simulators/Models

Time
Synchronization

Real world
field devices

Fig. 2: Design structure of SCADA simulation environment

IV.

SIMULATORS

Developing a SCADA simulator can be time-consuming
and costly. Due to the complexity of the problem and the
various aspects of an industrial control system, a single simulator is not enough to simulate the whole SCADA process.
Neither a stand-alone domain specific simulation nor a standalone network simulation is adequate to model a fully operational and interconnected system. Consequently, there is a
significant research effort to combine different domain specific
and network simulators into co-simulation platforms. IEEE’s
High-Level-Architecture (HLA) step towards this direction as
we describe below.

a) General Simulation Requirements: A SCADA simulator should be composed of simple but reusable components
and should support extensibility and easy interconnection with
other simulating and/or real modules. At the same time,
it should not introduce more complexity than required for
the task at hand. As we will discuss in paragraph IV-A,
choosing the right level of and tools for simulation, affects the
correctness and the efficiency of our model. The best choice
depends on the specific system the SCADA is controlling, the
expected scenarios, the rate of changes in the system and their
relative speed to that of network communications, as well as
the accuracy we want to obtain.

A. Simulation Model Considerations
When using a simulator, our goal is to describe in adequate
detail the state of a system, that is a collection of entities [7].
We should keep in mind that this is not the only way we can
go about and in fact other methods involve experimenting with
the actual system, using a physical model of the system on an
analytical solution. For example, to simulate network traffic
we can choose to use a simple connectivity matrix, unless
realistic metrics for delay and latency are needed, in which case
a packet level network simulator would be more appropriate.

b) Architecture: As we describe in the following paragraphs a general architecture of a SCADA simulation environment is constituted from four diverse layers as illustrated in
Figure 2. In the bottom we meet the domain specific models
or real world field devices if we target supporting ”hardware
in the loop”. In the second layer there is a thoroughly designed
coordination module which is responsible for the interconnection as well as the critical time synchronization between the
models and the network simulator. The latter lies on the third
layer while on top there is an interface that allows the user to
interact with the developed platform. Usually the user interface
is incorporated in the network simulation software.

Simulating a SCADA system involves modeling at given
levels of detail the state of the SCADA entities, the communications between them and the state of the supervised / controlled operation (henceforth called ’environment’). Creating a
monolithic simulator for all these would not only be costly, but
also would produce inefficient results, since selecting the right
level of detail for each of those depends on our requirements.
In fact, some systems may have a part of them not simulated,

35

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

simulation framework. Although network simulators are not
perfect, they can give a meaningful insight into the tested
network, and how changes will affect its operation. Below,
it follows a short description of the most commonly used
network simulators.

but emulated or partially implemented using a physical model.
As an example, a simulator used for planning future needs or
approximating operational costs may not need to detail dayto-day operations on high level. However, a simulation used
to demo a particular capability, or to train personnel might
actually have partially implemented the aspects of the SCADA
system that interact with personnel.

c) NS2: The Network Simulator 2 is an open source
event-driven simulator designed for research in computer
communication networks. It can simulate existing network
protocols such as TCP, UDP, routing and multicast protocols
over both wired and wireless networks. It allows the creation
of various communication scenarios using specific protocols
and simulating the behavior of these protocols under diverse
conditions. NS2 utilizes C++ to define the simulation objects and Object-oriented Tool Command Language (OTcl) to
schedule the discrete events and to set up the simulation. NS2
is particularly relevant to industrial simulations since there is
a trend to encapsulate proprietary protocols packets into TCP
running over Ethernet networks.

Furthermore, when designing a simulator, we should consider how the environment states interact with each other.
Consider as an example the cases of a SCADA for an electric
grid, versus that of one for monitoring a set of dykes. In the
first case, any change in the electric load will affect the system
in nano, micro, or miliseconds depending on the phenomenon.
In the second, an anomaly may be noticed some days before
the dyke actually breaks. This means that a simulator of the
’environment’ may in the first case need to have a nanosecond
detail, while in the second minutes or hours. Now consider a
typical communication network where events have milisecond
duration. Combining it to the ’environment simulator’ may
not make much sense. It may be better to run the two
simulations separate and provide a connectivity matrix for
communications, or a set of possible connectivity states and
their Probability Distribution Functions (PDFs).

d) NS3: Network Simulator 3 has borrowed concepts
and implementations from several open source simulators and
it is considered that will progressively replace NS2. However,
NS3 is not an updated version of NS2 and it is not backward
compatible with NS2. It is designed to improve scalability and
modularity and is written is C++ but offers also a Python
scripting interface. Moreover, it supports virtualization, software and testbed integration, and it focuses its attention to
realism supporting key interfaces such as sockets and network
devices, multiple interfaces per node and use of IP addresses.

B. High Level Architecture (HLA)
Introduced by the US Department of Defense, HLA [3]
was developed to ensure the interoperability and reusability of
models and simulation components. It is a standard method
to allow for combining distinct simulations (federates) into
a combined co-simulations platform (federations). Its aim is
to provide a structure, which will enable the reuse of some
capabilities already available in other simulations, targeting
cost and time reduction.

e) OPNET: OPNET simulator is a tool to simulate
the behavior and performance of any type of network. It is
based on discrete system event mechanism which simulates
the system behavior by modeling the events of the scenarios
that the user has set up. Its main feature is that it provides
various real-life network configuration capabilities that make
the simulation environment close to reality. It also provides
graphical editors (GUI interface) and a comprehensive library
of network protocols and models. It employs object-oriented
programming techniques to create the mapping from the graphical design to the implementation of the real systems. Finally,
it allows the development of user’s own networks, protocols
and packet formats by providing the necessary programming
tools and documentation.

A computer simulation or a manned simulator can act as
a federate, which is represented as object. Additionally, the
Runtime Infrastructure (RTI) acts as the distributed operating
system of the federation. It is a collection of services that
support the interactions between different federates. Its major
service is considered the time management which goal is to
ensure the time synchronization among all federates. Several
commercial and open source RTIs are available. Finally, the
runtime interface specification describes how the interaction
between federates and the RTI is conducted.
Each individual simulator should conform to HLA’s rules
and interface specifications in order to be combined with
other federates. Moreover, each federate or federation document should be openly available and conform to the standard
open model template. Unfortunately, it may be complex to
modify already existing simulations to comply with HLA’s
specification. Although there is a possibility to add a wrapper
to these simulators, it is cumbersome due to the number of
modifications and additions that should be done in order to
conform to the HLA.

f) OMNeT++: OMNeT++ is also a discrete event
simulator programmed in C++. It is a component based architecture and consists of modules that communicate with each
other using message passing. The components (programmed in
C++) can also be combined in a hierarchy of levels allowing
the creation of complex simulation components. It additionally
provides a GUI interface and due to its modular architecture,
the simulation kernel can be embedded into all kinds of
different users’ applications. Moreover, by providing plug-ins
extensions, it allows the modification of the default behavior
of the simulation engine (e.g. different message scheduler).

C. Network simulators

D. SCADA simulator frameworks

Network simulators in general try to mimic and model
real world networks. The cost of a complete implementation
of an industrial communication network just for testing and
analyzing is prohibitive compared to the development of a

The integration of different simulation frameworks for
heterogeneous systems is common in research. However, simulating SCADA systems and networks using open source tools
is relatively new. The reason for that is due to the lack
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Nevertheless, there is no much information available regarding
the outcome of the experiments.

of proper modeling tools, the communications characteristics
have to be simplified and simulations have to be based on
significant assumptions that may affect the final outcome.
Table I summarizes the related works in this direction.

In [11] the authors integrate multiple research and
commercial-of-the-self (COTS) systems to build an agent
based simulation framework for the electric power grid. Based
on HLA framework [3] they created a combined simulation
system which exploits the capabilities of several of the self
simulators; a combination of the PSCAD (Power System Computer Aided Design) and EMTDC (Electromagnetic Transients
including Direct Current) [18] where the first offers a graphical
interface and the latter is an electric power simulator, the PSLF
(Positive Sequence Load Flow) for elecromechanical transient
simulations, used also in elecromechanical stability scenarios,
and the NS2 for the network communication simulation.
All these simulators conform to the HLA’s rules, interface
specification, and documentations standards. Additionaly, the
interface between the individual simulators is performed by
a central component, the RTI. The RTI is responsible for
packet routing and the time-stepped synchronization between
the federates. This synchronization method is the most commonly used when multiple simulators are cooperating. A preset
simulation time has to be reached by all the components before
a data exchange between them is allowed. Apart from the
diverse simulators the authors developed the AgentHQ module
which acts as a proxy when agents need to interact with the
federates. Through it, it is possible to set and get the power
system values and to exchange data. Finally, they demonstrate
a number of experimental results showing the pros and cons
of an agent based special protection schemes, while they do
not deal with security issues.

The authors in [8] exploit the OPNET capabilities for
simulating the communication network and they use the Virtual
Test Bed (VTB)1 for dynamic simulation of the power system.
The VTB is a software tool that used for power electronics and
power systems. For the data exchange between the two simulators, a co-simulation coordinator was developed which also
is responsible for the time synchronization. The coordinator
provides a user interface and through it the user can set the
global time step. The overall goal of this effort is to study and
analyze the communication network of the power system and
to check the stability of the power system as a function of the
network performance. Their simulation results show significant
issues in delay and packet dropping when they examined the
sampling period and the communication data rates.
In [9] the authors propose a SCADA simulation tool
(SCADASim) that supports the integration of external devices
(e.g. smart meters or RTUs) and applications. Their objective is
to examine the effect of attacks in real devices and applications
by using a simulated environment. Attacks that are supported
include denial of service, man in the middle, eavesdropping,
and spoofing. Moreover, they aim to build an extensible,
flexible and modular SCADA simulation framework with
simultaneously integration of external components and devices.
They use the OMNeT++ to simulate the network and they
exploit the socket based integration of OMNeT++ to allow
the integration of the external devices. However, in order to
tackle the issue that only socket-based protocols are supported,
they deploy gates. These gates act as communication ports
that implement protocols for communicating with external
components. The synchronization between the OMNeT++ and
the external devices is handled by the SSScheduler module,
which is responsible for synchronizing the corresponding
clocks. Finally, they deploy malicious attacks (denial of service
and spoofing) scenarios to evaluate the framework, and they
demonstrate how the attacks are affecting the process of use
legitimate requests.

In [12] the authors inspired by [11] and [17], developed
a co-simulation framework targeting smart grid applications.
Their contribution was the alleviation of the synchronization
overhead problem that could cause data mismatch between
the simulation components, by introducing ”asynchronous”
approaches. Their primary focus is to remove the accumulating
errors introduced by the synchronization mechanism. For this
reason they run the simulation globally in a discrete eventdriven manner rather than using continuous time simulation
methods to simulate a discrete event system. A global scheduler is responsible for the synchronization while the different
simulators share the same timeline. For the implementation
they leverage the capabilities of the PSLF simulator for power
system dynamic simulation and the NS2 for the communication network simulation. Moreover, an agent-based relay
protection scheme is examined within this framework. Each
relay has its own master and slave agent which act as interface
for data exchange. Finally, for the validation they just examine
relay failures without dealing with security issues.

In [10] the authors propose a reference architecture. It
consists of several layers and components that represent the
enterprise network, the OPC server and client, the SCADA
protocols tester, the RTUs, the field sensors and actuators as
well as the industrial infrastructure. Their prototype implementation targets the security analysis and assessment of SCADA
systems. It is extensible and adaptable and it is mainly based on
NS2. Moreover, in order to allow the integration with real networks they exploit the capabilities of emulation feature of NS2.
The latter has the ability to inject traffic from the simulator
into a live network and to simulate a desired network between
real applications in real-time. For the simulation framework
they use real PLC/RTUs and sensors/actuators, as well as
industrial and open source systems for OPC client/server
implementation. Finally, for the evaluation of the simulation
framework they implemented attack scenarios that compromise
the security of SCADA system and they developed methods to
analyze and assess the impact of these attacks on the system.

The authors in [13] designed the simulation platform
DAVIC (Distributed Automation Via Implicit Channels) which
is based on OMNeT++. The objective of this implementation
lies on the creation of fast and reliable simulation platform
to be used for the evaluation of different energy management
algorithms such as peak demand. Interestingly, they did not use
of-the-self domain specific simulators, but they used synthetic
load profiles which are the reference consumption profiles, as
well as their own calculations in order to model the demand.
That saved them from synchronization difficulties but limited
the usability of the platform.

1 http://vtb.engr.sc.edu/vtbwebsite/#/Overview
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TABLE I: Simulations frameworks
Network Simulator

Domain Specific Simulator

Synchronization

Domain

VPNET [8]

OPNET

VTB (Virtual Test-Bed)

Timed stepped (co-simulation
coordinator)

Communication Networks of Power Systems

SCADASim [9]

OMNeT++

Built-in modules

SSScheduler module

Malicious attacks in
SCADA systems

Wang Chunlei et al.
[10]

NS2 (NSE)

CitectSCADA 6.1 (as OPC
server) & Real PLC/RTUs

Not mentioned

Security analysis of
SCADA systems

EPOCHS [11]

NS2

PSLF, PSCAD/EMTDC

Timed stepped

Electric Power Grid

Lin et al. [12]

NS2

PSLF

Timed stepped (global scheduler)

Smart Grid Applications

DAVIC [13]

OMNeT++

Built-in models

Time-stepped

Energy management
algorithms

Chabukswar et al. [14]

OMNeT++

Simulink

Timed stepped (NetworkSim
Sceduler)

Attacks on SCADA
systems

Neema et al. [15]

OMNeT++

X4 Simulink models

Timed stepped (NetworkSim
Sceduler)

Computational experiments in Command
& Control

Naturo et al. [16] [17]

NS2

ADEVS

DEVS

Electric Grid

The objective in [14] is to demonstrate the use of
C2WindTunnel [19], [20] platform with the aim to simulate
DDOS-like attacks on a plant and its control system as well as
to analyze the effects on different routers. The C2WindTunnel
platform is based on HLA and it was designed to facilitate the
development of large-scale simulations. It uses the Generic
Modeling Environment [21] and employs model-based design
techniques and graphical interface to allow integration of
diverse simulation engines. The authors use the NetworkSim,
which is based on OMNeT++ to simulate the communication
protocols and the Simulink to model the domain specific
processes. Moreover, they developed a Simulink function to
synchronize the model with the Run-Time Infrastructure allowing the Simulink to progress only when the RTI allows it. They
use timed-stepped synchronization, while keeping the time-size
low in order to minimize event timing errors introduced by
exchanging events between Simulink and HLA.

The ADEVS software is encapsulated in an NS2 TclObject and
it is invoked by the NS2 when required. In the experimentation
phase they show how the communication network affects the
order of load shedding as well as how the bandwidth and the
latency affect the controller behavior.
E. Simulator software license
Most of the software packages that were used by the
researchers are free or at least an academic license is available.
Nevertheless, some tools were built targeting industrial or
commercial applications, thus the procurement of a license
is considered necessary. The following Table II summarizes
the license requirements of the software packages that were
mentioned in paragraph IV-D.
TABLE II: Software license

Another work that is based on the C2WindTunnel is presented in [15]. This work outlines the challenges encountered
in deploying simulation platforms that are used to mimic the
command and control environments. As most of the previous
works the authors used OMNeT++ and in order to preserve
the synchronization between the OMNeT++ and the RTI they
developed, which called the NetworkSim scheduler. For their
experimentation they implemented Unmanned Aerial Vehicles
(UAVs) models using the Simulink X4 with the objective
to test the mission performance when a network attack is
occurred. Especially, they focused on DDOS attacks describing
the consequences on the quality of received data and the
communication between the command and control center and
the UAV.

Type

License

NS2

Network Simulator

Open Source

NS3

Network Simulator

Open Source

OMNeT++

Network Simulator

Free (available open
source
simulation
models)

OPNET

Network Simulator

License required

Simulink

Model-Based Design

License required

VTB

Power System Dynamic
Simulator

Free

PSCAD/EMTDC

Power System Transient
Simulator

Free version available

PSLF

Power System Analysis
Software

License required

V.

In [16] and [17] a hybrid simulation tool was developed for
modeling the communications and the control of the electric
grid. The primary objective of the authors is to preserve
the hybrid simulation definition by leveraging both discrete
and continuous systems. The communication processes are
modeled using NS2 and the discrete and continuous processes
are implemented using ADEVS (A Discrete EVent Simulator).
ADEVS is a C++ library for constructing discrete event simulators based on parallel DEVS and Dynamic DEVS formalism.

C ONCLUSION

Several challenges are faced when developing a heterogeneous simulation platform for SCADA. Although the HLA
framework provides the basic APIs to mitigate the complexity
of developing simulations, there are still issues that have to
be tackled during the development phase. Three levels of integration are often required in order to incorporate a simulation
framework to an overall simulation environment; the API level,
the level of interactions, and the level of model semantics. The
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first offers some basic services such as management functionality and message passing. The second and most important
manages the time synchronization and coordination among the
complex command and control simulation platforms, while the
third is rather optional and depends on the objective of the
simulation environment. Although many of the self simulation
frameworks provide some of the required services and are
compatible with the HLA reference architecture, they lack
an overarching integration and coordination approach among
multiple platforms.
Minimizing the effort and time required for simulation
development can be accomplished through integration of multiple appropriate domain-specific tools, which will lead to
more adaptive SCADA simulation environments. Concluding,
the incorporation of already deployed and validated largescale domain specific models is a key prerequisite for the
development of powerful hybrid systems.

[10]

Wang Chunlei, Fang Lan, and Dai Yiqi, “A simulation environment for
scada security analysis and assessment,” in Measuring Technology and
Mechatronics Automation (ICMTMA), 2010 International Conference
on. IEEE, 2010, vol. 1, pp. 342–347.

[11]

Kenneth Hopkinson, Xiaoru Wang, Renan Giovanini, James Thorp,
Kenneth Birman, and Denis Coury, “Epochs: a platform for agent-based
electric power and communication simulation built from commercial
off-the-shelf components,” IEEE Transactions on Power Systems, vol.
21, no. 2, pp. 548–558, 2006.

[12]

Hua Lin, Santhoshkumar Sambamoorthy, Sandeep Shukla, James
Thorp, and Lamine Mili, “Power system and communication network
co-simulation for smart grid applications,” in Innovative Smart Grid
Technologies (ISGT), 2011 IEEE PES. IEEE, 2011, pp. 1–6.

[13]

Peter Palensky, Friederich Kupzog, Adeel Abbas Zaidi, and Kai Zhou,
“A simulation platform for distributed energy optimization algorithms,”
in Industrial Informatics, 2008. INDIN 2008. 6th IEEE International
Conference on. IEEE, 2008, pp. 342–347.

[14]

Rohan Chabukswar, Bruno Sinópoli, Gabor Karsai, Annarita Giani,
Himanshu Neema, and Andrew Davis, “Simulation of network attacks
on scada systems,” in Proceedings of the First Secure Control Systems
Workshop, Cyberphysical Systems Week, Stockholm, Sweden, 2010.

[15]

Himanshu Neema, H Nine, G Hemingway, J Sztipanovits, and G Karsai, “Rapid synthesis of multi-model simulations for computational
experiments in c2,” 2009.

[16]

James Nutaro, Phani Teja Kuruganti, Mallikarjun Shankar, Laurie
Miller, and Sara Mullen, “Integrated modeling of the electric grid,
communications, and control,” International Journal of Energy Sector
Management, vol. 2, no. 3, pp. 420–438, 2008.

[17]

James Nutaro, Phani Teja Kuruganti, Laurie Miller, Sara Mullen, and
Mallikarjun Shankar, “Integrated hybrid-simulation of electric power
and communications systems,” in Power Engineering Society General
Meeting, 2007. IEEE. IEEE, 2007, pp. 1–8.

[18]

Olimpo Anaya-Lara and E Acha, “Modeling and analysis of custom
power systems by pscad/emtdc,” Power Delivery, IEEE Transactions
on, vol. 17, no. 1, pp. 266–272, 2002.

[19]

Karen E Roth and Shelby K Barrett, “Command & control wind
tunnel integration and overview,” in Proceedings of the 2009 SISO
European Simulation Interoperability Workshop. Society for Modeling
& Simulation International, 2009, pp. 45–51.

[20]

Graham Hemingway, Himanshu Neema, Harmon Nine, Janos Sztipanovits, and Gabor Karsai, “Rapid synthesis of high-level architecturebased heterogeneous simulation: a model-based integration approach,”
Simulation, vol. 88, no. 2, pp. 217–232, 2012.

[21]

Akos Ledeczi, Miklos Maroti, Arpad Bakay, Gabor Karsai, Jason
Garrett, Charles Thomason, Greg Nordstrom, Jonathan Sprinkle, and
Peter Volgyesi, “The generic modeling environment,” in Workshop on
Intelligent Signal Processing, Budapest, Hungary, 2001, vol. 17.

R EFERENCES
[1]

[2]

[3]

[4]
[5]

[6]

[7]
[8]

[9]

Axel Daneels and Wayne Salter, “What is scada,” in International
Conference on Accelerator and Large Experimental Physics Control
Systems, 1999, pp. 339–343.
Zhendong Ma, Paul Smith, and Florian Skopik, “Towards a layered
architectural view for security analysis in scada systems,” arXiv preprint
arXiv:1211.3908, 2012.
Judith S Dahmann, Richard M Fujimoto, and Richard M Weatherly,
“The department of defense high level architecture,” in Proceedings
of the 29th conference on Winter simulation. IEEE Computer Society,
1997, pp. 142–149.
“http://www.opcfoundation.org,” last access: July 2013.
Sebastian Lehnhoff, Sebastian Rohjans, Mathias Uslar, and Wolfgang
Mahnke, “Opc unified architecture: A service-oriented architecture for
smart grids,” in Software Engineering for the Smart Grid (SE4SG),
2012 International Workshop on. IEEE, 2012, pp. 1–7.
Keith Stouffer, Joe Falco, and Karen Scarfone, “Guide to industrial
control systems (ics) security,” NIST Special Publication, vol. 800, pp.
82, 2008.
Averill M Law and W Kelton, “David: Simulation modeling and
analysis,” Mac Graw Hill, Boston, Burr Ridge, ua, 2000.
W Li, A Monti, M Luo, and Roger A Dougal, “Vpnet: A co-simulation
framework for analyzing communication channel effects on power
systems,” in Electric Ship Technologies Symposium (ESTS), 2011 IEEE.
IEEE, 2011, pp. 143–149.
Carlos Queiroz, Abdun Mahmood, and Zahir Tari, “Scadasim - a framework for building scada simulations,” Smart Grid, IEEE Transactions
on, vol. 2, no. 4, pp. 589–597, 2011.

39

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

40

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

Modeling and Simulation of Irrigation Canals
with Hydro Turbines
S Mohan Kumar

Nitin Grovera, M Vasudeva Kumarb
M Srinivasb, Naresh N. Nandolab

Scientist, Department of Research,
ABB Global Industries and Services Ltd
Bangalore, India
*
mohan.s.kumar@in.abb.com (corresponding author)

a

there are no/limited studies [3] on modeling of irrigation
canals that have hydro turbines. The current study addresses
developing a mathematical model for irrigation canal that has
hydro turbines. Models are developed for individual canal
structures and then integrated.

Abstract - Monitoring and control of irrigation canal
operation is necessary for effective water management
particularly at the farm level. In addition, the flow of water in
the canals has tremendous potential to generate power by using
small scale hydro turbines. Modeling and simulation of these
irrigation canals with hydro turbines enables to develop
monitoring and control solutions while exploring the amount of
power that can be generated using hydro turbines at the same
time. The proposed study addresses modeling and simulation of
the irrigation canals that have hydro turbines. It consists of
developing models for individual components of canal
structures (such as canal reaches, weirs, gates and hydro
turbines), and then integrating them. The simulation results are
verified with one of the standard software (SS) available in the
market. Further, optimization is also performed via simulations
for two different scenarios.

The paper is organized as follow. In Section II, modeling
of individual components and integrated model of irrigation
canal system is presented. Section III provides the simulation
results, and their comparisons with one of the SS.
Conclusions are provided in Section IV.
II.

MODELING OF IRRIGATION CANAL

Irrigation canal systems draw water mainly from rivers,
lakes and reservoirs and this water is distributed across the
vast agricultural fields by lengths of canals, sub-canals and
further branches. The irrigation canal system starts with a
main intake structure built at the entry to the canal system. Its
purpose is to direct water from the original source of supply
(lake, river, reservoir etc.) into the irrigation system.

Keywords - irrigation canal; modeling; simulation; optimization
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Scientist, Department of Research,
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INTRODUCTION

With ever increasing demand for water, the need for
improved management of available water resources is of
utmost importance. Irrigation canals are artificial systems
developed to transport water from main water reservoirs to
several water-demanding agricultural farms during
irrigational seasons. Generally, they cover very long
distances, ranging from hundreds of meters to hundreds of
kilometers. Along these canals, different end users like
agricultural farms, municipalities, industries etc., are located
close to them and water is distributed to these end users all
along the way. Water flow to these end users is controlled by
modifying the openings of several gates situated at different
lengths of the canal. Further, irrigation canals also have a
potential of producing green energy. The natural flow of
rushing water in irrigation canals can be used to produce
several Watts to Mega Watts of electricity by placing hydroturbines in the canal.

The conveyance system takes water from the intake
structure and supplies it over long distances through canals
and sub-canals. The water is finally supplied to the fields via
branches and ditches in the sub-canals. Apart from the canals
and sub-canals, the conveyance system also includes various
canal structures to regulate the flow. These mainly comprise
of gates (which are used to control and regulate the flow in
canals), and flow measurement structures such as weirs in the
canal system.
Therefore, modeling of canal reaches (canal, sub-canal or
branch), canal junctions (between canal and sub-canal or subcanal and branch), gates, weirs and hydro turbines are
required for monitoring and control of irrigation canal system.

Developing mathematical models for these irrigation canals
facilitate to understand and develop monitoring and control
solutions for effective water management solutions for
irrigation canals. There are several studies in the literature [1]
[2] addressing the modeling of irrigation canals. However,

A. Canal Reach
A canal reach is basically a straight length of canal with
constant cross-section and slope. The flow model assumes
one-dimensional unsteady flow. In general, length of the
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reach is significantly large as compared to the width, and
hence variations across the cross-section are negligible. Flow
in a canal reach is modeled [4] by Saint Venant’s Equations
which are a system of non-linear hyperbolic partial
differential equations. The flow is assumed to be onedimensional and gradually varying. The canal slope is
assumed to be negligible and the fluid is assumed to be
incompressible i.e. the density remains constant. Following
are the model equations:

H is height of the upstream flow above the weir crest in
meters.
D. Gate
A gate is a flow control structure that regulates the amount
of water flowing in a particular canal reach. As it affects the
flow into or out of the reach at a junction, the flow in other
reaches is also affected. By installing gates at certain strategic
locations we can control flow in the entire canal system. A
gate basically poses as an obstruction in the path of flow. It
completely blocks the flow when the opening is zero and as
the gate opening is increased it lets more water to pass
through. There are several types of gates such as sluice gate,
radial gate etc. The model equations [4] used in this study are
of sluice gate type, and are given below.

Conservation of mass is described using continuity equation
+

−

=0

(1)

Where A is the area of flow in m2, ql is the seepage loss in
m2/s, Q is the flow rate in m3/s and x is the position along the
length of the canal.

If the submergence of the sluice gate is less than 0.67 it is said
to be free flowing, and the discharge through the gate is given
as follows:

The rate of change in momentum of the flow is equal to the
external forces acting on the system.
+

(

)

+

+

=0

(2)

B. Canal Junction
A canal junction is a point where two or more canal
reaches combine into one or diverge into more reaches. The
junction length is assumed negligible which eliminates the
consideration of energy losses. The total flow [4] entering into
the junction is equal to the flow leaving the junction.

(5)

=

2

(6)

If the submergence is greater than 0.8, the discharge through
the gate is given by the following equation
=

(3)

2

(7)

Where Q is flow through the gate in m3/s, C is gate discharge
coefficient, W is gate width in meters, B is the gate opening in
meters and H is difference in the heights of the upstream and
downstream levels in meters.

Where Si is the flow coefficient (-1 for upstream and +1 for
downstream) and Qi is the flow rate at junction in ith canal
reach.

E. Hydrokinetic Turbine
A hydrokinetic turbine converts the kinetic energy of
flowing water into electrical energy. It is different from
traditional turbines that convert the potential energy or head
of water stored in a dam into electrical energy. Hydrokinetic
turbines do not require any additional infrastructure
development and can easily be installed in flowing streams.
There are several types of turbines based on rotor orientation
(such as axial, cross flow and inclined turbines). However, the
power equation [5] is same for all of them, and is given
below.

C. Weir
A weir is a barrier across a river designed to alter flow
characteristics. In most cases, weirs take the form of a barrier,
smaller than most conventional dams. A Weir installed across
a river causes water to pool behind the structure and allows
water to flow over the top. Weirs are used to prevent flooding,
and measure discharge. There are several types of weirs such
as broad crested and sharp crested etc. The discharge equation
[4] of the weir gives a relation between the flow rate and the
head upstream of the weir.
=

2

If the submergence is in the range 0.67 to 0.8, the flow is said
to be in transition, and the discharge through the gate is given
as follows:

Where V is the velocity in m/s and Sf is the friction slope
which can be calculated using Manning’s equation.

∑ SQ =0

=

=

(4)

(8)

Where P is the output power of the hydro turbine in Watts, ρ
is the density of fluid in kg/m3, η is the efficiency, Cp is the
coefficient of performance of turbine and V is the velocity in
m/s.

Where Q is the discharge through the weir in m3/s, C is the
weir discharge coefficient (varies between 2.6 to 4.2
depending upon the shape), B is the weir width in meters, and
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A. Canal Reach
The length of the canal is assumed to be 16 km for this
simulation. The depth and velocity profiles (represented as -D
and -V in the diagram) of canal reach are given in Fig. 1. The
profiles are determined at different times and at different
locations (x=0 km and x=8 km) along the length of the canal.
As shown, the depth of the flow is higher between 5 to 10hrs,
and then is decreasing between 10 to 20 hrs. Similar profile
(increase in the velocity at times between 5 to 10hrs) is
observed even with velocity. This is mainly due to the
characteristic of flow which is assumed to be sinusoidal wave
(boundary conditions in equations 10 and 11). Further, as
expected, the velocity and depth profiles are propagating
along the length of the canal (can be observed at x =0 and 8
km) with some delay. It can also be observed that the
simulated results are in close agreement with SS results.

III. RESULTS AND DISCUSSION
The models developed for various components (such as
canal reach, weir and gate) of the canal structure are
simulated, and the results are compared with one of the open
source canal simulation software. The geometrical parameters
and the coefficient values used in the simulation are given
below.
TABLE I.

PARAMETERS AND COEFFICIENTS

Parameter/Coefficient (unit)

Value

Canal width, w (m)

120

Distance step, Δx(m)

1000

Time step, Δt(s)

3600

Simulation time, T (s)

72000

Manning’s coefficient, n
Friction slope, S0

0.23
0.00061

Sub-canal width, w’ (m)

120

Weir width, B (m)

120

Weir crest height, h (m)
Weir coefficient, C

2
2.6

Gate width, g_w (m)

40

Gate coefficient, g_C
Hydro-kinetic turbine diameter,
D (m)

0.6
2.2

The initial condition of flow at upstream of the junction is
given by equation (9) for simulation
( , 0) = 100

(9)

The downstream depth is taken as 0.86m, and the depth at rest
of the points is computed using energy equation while the
weir discharge equation is applied across the weir to obtain
the upstream depth. The upstream boundary condition is
defined as follows.
(0, ) = 100

(0, ) = 100 cos

(0, ) = 100

(

−

)

> 15 ℎ

+ 200

+ 200

≤ 5ℎ

5 < ≤ 15 ℎ

Fig. 1: Depth and velocity profiles - Canal reach

B. Canal Weir
The length of the canal is assumed as 5km and the weir is
located at 2.5km downstream of the canal. Note that there is
no branch in the canal. Fig. 2 shows the results of canal weir.
It can be observed that the depth profile of weir downstream
is lower than that of weir upstream. This is due to the
presence of weir which is not submerged. Further, it can also
be noticed that the velocity profile of weir downstream is
higher than that of weir upstream due to change in depth
because of weir. It can also be observed that velocity profiles
of both upstream and downstream are slightly decreased
between t= 5 to 10hr due to the higher depth in that time
period.

(10)
(11)
(12)

The downstream boundary condition for the main canal is
given by a stage hydrograph which is defined as follows:
(10000, ) = 0.86

(13)

C. Canal Junction
The length of the main canal is considered as 4km while the
sub-branch of length 2km is considered at 2km downstream
of the main canal.

Coding is done in Matlab, and the results are compared with
those of SS.
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Fig. 4: Depth and velocity profiles - Canal gate
Fig. 2: Depth and velocity profiles - Canal weir

E. Integrated Model for Canal System
It involves modeling of a main canal of length 10 km. The
canal has branches at 10 kilometers where it divides into two
sub-canals: reach 1 and reach 2 each of 5 km in length as
shown in Fig. 5 .

Fig. 3 shows the results of canal junction. It can be observed
that the depth profile of branch upstream is lower than that of
canal upstream since the flow divides into two branches.
Further, the velocity profile of branch upstream is also lower
than that of main canal upstream since the flow is divided
across two branches.

Fig. 5: Canal system for integrated model

Reach 1 has gate to supply the water to the end users
(farmers) while Reach 2 links to the sub-canal (Fig. 5).
Simulations are performed with and without turbine in Reach
2. Further, gate opening in Reach 1 is changed (i.e., kept
opened during 0 to 15hr, and then closed slowly between 15
to 20hr) during this simulation. Fig. 6 and Fig. 7 shows the
depth and velocity profiles of the integrated model without
turbine. Depth (Fig. 6) is varying with time at canal upstream,
branch gate downstream (Reach 1 in Fig. 5) and main canal
junction downstream (in Reach 2 in Fig. 5). The depth at
canal head is higher than the other points at all times while the
depth in branch (Reach 1) is less than that in the main canal
downstream (Reach 2) due to flow restriction by gate. The
sinusoidal nature of the curves is due to the similar nature of
upstream flow rate. The gate downstream curve suddenly falls
at 15hr due to the reduced gate opening.

Fig. 3: Depth and velocity profile - Canal junction

D. Canal Gate
The length of the main canal is considered as 10km while the
gate is located at 4.5km downstream of the main canal. Note
that there is no branch in the main canal. Further, gate is kept
opened during 0 to 15hr, and then closed slowly between 15
to 20hr during this simulation. Fig. 4 shows the results of
canal gate. As shown, the depth profiles of gate upstream and
gate downstream are following sinusoidal behavior till 15hr
(i.e., when gate is fully opened). As the gate is closed
gradually between 15 to 20hr, the depth in the upstream is
increasing while it is decreasing in the downstream.
Similarly, the velocity profiles of both upstream and
downstream are decreasing after 15hr since the flow is
decreasing due to gate closure.

44

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

F. Optimization via simulation
Optimization is also performed using the integrated model
for different scenarios. Scenario 1 refers to meeting the water
demand in Reach 1 by manipulating gate openings. Scenario
2 refers to meeting water demand in Reach 1 while meeting
power demand in Reach 2. Fig. 9 shows the results of
scenario 1 which includes water demand, water flow rate and
the associated gate openings in Reach 1. It can be observed
that the output flow rate is always higher than the water
demand indicating that the demand is being met at all the
times. Further, the trend of gate opening is similar to the flow
demand which is expected as higher flow demand needs
higher gate opening.
Fig. 6: Depth profile - Integrated model

Variation of flow velocity with time at canal upstream, branch
gate downstream and main canal junction downstream points
is shown in Fig. 7. The velocity profile in all the streams is
sinusoidal up to 15hr. After 15hr, velocity in the gate
downstream falls due to reduced gate opening, and it becomes
zero at 20hr when gate is fully closed. It can also be observed
that there is an increase in velocity profile of canal upstream
from 15hr.

Fig. 9: Optimal gate opening - Scenario 1

Fig. 10 shows the results of scenario 2 which includes the
trends of water demand, power demand, actual water flow
rate, associated gate opening and the power that is generated.
Equal weights are assumed for both the objectives (i.e., for
both water and power demand). As shown in Fig. 10, the
power demand is closely met while the water demand is
slightly violated at times since there is trade-off between the
two. However, several scenarios can be tested with different
weights given to these objectives.

Fig. 7: Velocity profile - Integrated model

Fig. 8 shows simulation results of the integrated model with
turbine in reach 2. During this simulation, the gate opening in
Reach 1 is assumed to be fully closed. Since the output
power is proportional to the cube of flow velocity, the
variation in power profile is sinusoidal (i.e., power is
maximum when the velocity is high as shown in Fig. 7)
which is same as the canal upstream flow. Further, the power
is very small (~2 KW) since the flow assumed in the canal is
low and there will be several such turbines in the canal in
general.

Fig. 10: Optimal gate opening - Scenario 2

Fig. 8: Variation of turbine power with time
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Abstract—The presented work concerns the concept of validating measurements of simple analog filter wirings in automotive
electronic control units (ECU). Therefore, open or faulty capacitors should be detected. An input signal is fed to the filter circuit
by means of the microcontroller TC1797, and the filter output
signal for determining the functionality of the filter is received
by the same microcontroller.

The filter circuit in figure 2 shall be tested whether one
or more capacitors are faulty. Assuming that the internal
resistance of the driver is only of a few Ohms, it is neglectible
small compared to the resistance values of the filter.

I. I NTRODUCTION

The step response of the filter is a superposition of a constant value and two weighted remittent exponential functions.

A. Filter analysis of the intact filter

In simple analog filtering, such as used as converter inputs
to the microcontroller in figure 1, signals may be present from
a sensor. If the output signal is erroneous then it is difficult to
differentiate in error localization. But, the diagnosis of faulty
respectively open capacitors can be ensured by self testing
with the ECU. Thereby, the microcontroller has to generate
the test stimulus, the input signal that is fed to the filter,
and has to analyze the test response that is received by the
ADC-unit of the same microcontroller. Following causes may

1

1

v(t) = v0 ·(0.658+0.278·e−803.60 s ·t −0.936·e−238.82 s ·t ) (1)
The time constants are achieved by inverting the poles of the
intact filter, τ01 =1.24ms und τ02 =4.19ms.
B. Filter analysis in the case of defective
If one of the two capacitors is faulty, the filter degenerates
to a first-order lowpass (see figure 3).

(a) C024 faulty

Figure 1: Simple illustration of the concept

(b) C025 faulty

Figure 3: Filter, if a) C024 is faulty or b) C025 is faulty

lead to loss or change in the capacitance: Mechanical stress
(vibration), electrical drift, modification of the environment
(gases, humidity), thermal stress (heat) and solder defects
of capacitors or missing mounting. Due to possible failures
during operation and usage there is a need to develop test
facilities that verify the functionality of capacitors in analog
circuitry ensuring the reliability of the circuit. Statistically, in
most cases the capacitances decrease with faulty capacitors,
in other words the capacity is varying near 0. Consequently,
we consider the limit ’C = 0F’ in our work.

The step response here is an overlapping of a constant value
and one weighted remittent exponential function. The related
time constants are τ024 =2.57ms and τ025 =2.87ms.
v(t) = v0 · (1 − e

−t
τ

)

(2)

If both capacitors are defect, then the filter degenerates to
a pure ohmic voltage devider. The output signal of the filter
is then scaled by a factor k of the input signal:

II. F ILTER A NALYSIS

k=

75
R373
=
≈ 0.658
R371 + R368 + R373
114

(3)

III. B UILD - UP O F T HE T ESTPLATINE
In figure 4 the test platine is shown on which the filter
circuitry has been placed. As driver is used a MOSFET based
on the following requirements: capacitive load, high peak
current, high slew rate, short lead times and short recharging
times by low output resistance.

Figure 2: Filter circuit at the ADC input of µC
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IV. E VALUATION C ONCEPT
A. Coherent sampling of the filter
An already predetermined sampling rate of fS =10kHz provides a lower accuracy for our measurements. With coherent
sampling of Mcycle =5 cycles, a higher sampling accuracy can
be achieved. Starting from the time constant τ =4ms of the
intact filter a complete charging and discharging with an error
of less than 1 LSB is reached at 8τ =32ms completely (see
figure 6).

Figure 4: Construction of the test platine
Capacitors are mounted on the board by pin assignment,
so that they can be removed individually to simulate the
individual fault cases as well. The LED’s on the test board
are used for visualization of the evaluation and show the
functionality of the relative capacitors. The switch performs
the change from operation mode to test mode, and ensures
the solitary check of the filter by the microcontroller. At the
interface connector the respective cables are attached to the
corresponding pins of the demonstrator starterkit TC1797. The
following table II provides the pin assignment:

Figure 6: Charge and discharge of the capacitor
The total measurement time for Mcycle = 5 is matched:
Tmeas = 2 · 32ms · 5 = 320ms

At a sampling rate of fS =10kHz (→ TS =0.1ms), this leads to
Nsample =3200 samples:
Nsample =

Table I: Assignment of the connector to the board
connector pins
black
brown
red
orange
yellow
green
blue
purple
grew
white

function
GND
LED-GR
LED-RD
LED-GR
LED-RD
ADC0 [CH10]
VCC
Switch NO
Switch IN
Switch NC

(4)

pos. at TC1797
GND
P3.1
P3.2
P3.3
P3.4
AN10
VDDM
P2.14
P2.13
function-generator

Tmeas
320ms
=
= 3200
TS
0.1ms

(5)

For coherent sampling applies:
T0 · Mcycle = TS · Nsample
or

Mcycle
TS
=
T0
Nsample

⇒

(6)

Mcycle
f0
=
fS
Nsample

(7)

with
•
•
•

Figure 5 depicts the demonstrator starterkit TC1797 with the
test platine.

•

Nsample = sample value;
Mcycle = number of cycles;
fS = sampling frequency of the ADC;
f0 = input frequency

As the ratio of the sampling rate Nsample and the number of
cycles Mcycle must be prime, Nsample must be modified, for
example, to 3199 samples. The input frequency f0 can be
calculated from the relationship of the coherent sampling:
f0 = fS ·

Mcycle
Nsample

= 10kHz ·

5
3199

=

50kHz
7·457

≈ 15.63Hz

B. Analysis in the time domain
Figure 7 shows the step responses at the output of the filter
for the error-free case and two defective capacitors.The red
curve represents the step response of the intact filter which
is significantly different from the blue or v curve that shows
the step response of a defective filter. Therefore the detection
of a faulty capacitor is achievable. With help of an integral
evaluation of all measured data the time period is determined at
which the rising or the falling curve obtains half the amplitude
(fig. 7). This method has the advantage to average over many
data, so local variation problems are largely compensated. It

Figure 5: Demonstrator
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is also of the advantage that the method is independent of the
actual obtained maximum and minimum amplitude .

Figure 8: FFT representation of the sampled values
Figure 7: Evaluation in time domain
For a lowpass 1st order filter the time tmed , for which the
average level is reached, is associated with the time constant
τ of the filter over a natural constant.
v(t) = v0 · (1 − e
v0
2

= v0 · (1 − e

−t
τ

)

−t
τ

)

sampling sequence =

N
3199
=
≈ 50
NFFT
64

(8)

Figure 9 shows the analysis of each different case in the
frequency range of the filter: the FFT analysis for the intact
filter, for the cases when the capacitor C024 faulty and the
capacitor C025 is faulty and if both capacitors are defective.
The first amplitude values correspond to the DC value of the
analysis, which are insignificant for our analysis. It will be
consider the first position of the FFT analysis which is the
useful signal corresponding to the data array of the array[5]
as a result of coherent sampling of five cyles. At these columns
differences can be seen. This can be done in a corresponding
capacitors error localization.

tmed = −τ · ln 12 ≈ 0.69 · τ
For a filter of higher order this simple relationship does not
exist. From the theoretical tmed it can be derived an equivalent
τ . Table II indicates the theoretical and the measured time
constants which are determined from the measurements.
Table II: Theoretical and measured time constants
test case
intact filter
C024 faulty
C025 faulty

τ in ms
theoretical
6.17
2.57
2.87

τ in ms
measured
6.20
2.52
2.85

measurement error
+0.58%
−2.1%
−0.63%

The measurement results show that the different faults
can be clearly distinguished by the given method at a high
reliability. As long as valid tolerance ranges are considered,
defective capacitors can be derived from measurement values.
C. Analysis in the frequency domain
In figure 8 the coherently sampled output signal of the
filter is given during 5 cycles. Fast Fourier Transform is
used for checking faulty or open capacitors in the frequency
range. Thereto an FFT test software is implemented in the
microcontroller. The microcontroller has a limited storage
capacity. By a FFT analysis of 3199 samples the storage area
had to be very busy. However, as the controller also has to
perform additional tasks, the FFT analysis should be limited
to a few samples. This means that each 50th value of the
3199 values will be sampled, so that NFFT =26 =64 values, see
figure 8.

Figure 9: FFT analysis of the filter
V. T EST P ROCEDURE
The entire signal flow is shown schematically in figure 10.
The microcontroller TC1797 serves as a test platform which
generates the input signal and receives subsequently the output
signal for analysis. The filter is provided with PWM data in
the operating mode that streams through the switch pin NO
(Normal Open) operated. The ADC unit samples the signal
on the fly. If a verification of the capacitors is performed, the
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Figure 10: Flow graph of the test circuit

microcontroller switches the switch from NO to NC (Normal
Contact). Then, the microcontroller generates a rectangular
signal, which is fed via the driver and the switch in the
filter. The output signal is then received by the ADC unit
of the microcontroller. The sampled data are stored with the
DMA (Direct Memory Access) unit in an array. These data are
analyzed either in the time or frequency domain. Depending of
the result, the CPU of the microcontroller drives the respective
LEDs. By doing so, the result is visually displayed. Finally the
microcontroller switches back the switch to NO for normal
operation. The sampling frequency of the ADC unit and the
input frequency of the input signal are adjusted by the LTC
units (Local Cell Timer).

In the figure 11 a) the state of functioning capacitors is
shown. Both of LEDs based on the capacitors C024 and
C025 light up green and thus show the correct functionality.
However the different error cases are shown in figure 11b) - d).
Inside the yellow shaded fields the corresponding capacitors
are missing. They were removed before the evaluation.
VII. C ONCLUSION
Two test methods have been shown that can detect defect
or open capacitors in analog filter circuits by means of
microcontrollers. Thus, the functionality, but also reliability
of a filter can be checked and ensured even during operation.
In the automotive industry it is seen as a diagnostic option
for the ECU without access from outside. The reliability of
a control unit can also be increased with this test method. It
should be possible to test several filters parallel and/or serial,
too.

VI. E VALUATION R ESULT
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knee extension and flexion moment [6], that cause rapid
change in the speed and consequently unsmooth, i.e. jerky,
pedaling movement.
To provide a comfortable, smooth and prolonged exercise
for paraplegics researchers have focused on improving the
mechanical design of the cycling ergometer [6-9] and the
closed-loop control approach [10-13] as well as stimulating
different combinations of muscle groups [7][10][14]. As an
assist mechanism, some researchers used an auxiliary motor
[14-15] to help passing the cycling dead spots as well as assist
the leg pedal when muscle fatigue occurs. Others used a crank
arm to provide hybrid training as well as help the leg passing
the dead spots [6]. Others utilized an elastic spring to provide
assistance [16]. In a previous work [17], a novel assist
mechanism, represented by a flywheel and electrical clutch, has
been introduced. The flywheel, as energy storage device, is
engaged with the bicycle shaft by the clutch to absorb the
excessive energy in the system and store it as kinetic energy.
Also it re-engages with the shaft to discharge its energy into the
system and speed up the movement.
In this work a novel closed-loop control approach is
proposed to control the engagement and disengagement of the
flywheel by the clutch in FES cycling. A comparison between
FES cycling, by stimulating the quadriceps muscle group,
with/without the new assist mechanism is introduced and
assessed.

Abstract— A closed-loop control approach is proposed to control
a flywheel and electrical clutch mechanism to assist paralyzed
legs during functional electrical stimulation (FES) cycling by
stimulating the quadriceps muscle group. Fuzzy logic control is
used to control pedaling movement of legs by controlling the
pulse width of the stimulus. The proposed control approach with
the new assist mechanism significantly reduces the cadence error
and produces smoother pedaling movement as compared with
cycling without assistance. The results show that the new
mechanism has reduced the overall stimulation intensity on leg
muscles by approximately 43% and hence delays the occurrence
of muscle fatigue. The new mechanism promotes smooth,
coordinated and prolonged FES cycling for disabled individuals.
Keywords— Flywheel and clutch, assist mechanism, FES
cycling, closed-loop control, fuzzy logic

I.

INTRODUCTION

Functional electrical stimulation (FES) has widely been
used for training paralyzed limbs. Several researches have
shown the importance of FES in improving the health of the
disabled by reducing muscle atrophy, improving blood
circulation in the limb, preventing bone loss and pressure sores,
as well as improving the self-image of the individual [1-5].
FES can be described as a train of pulses applied to the motor
units of a muscle to cause muscle contraction and generate
movement in paralyzed limbs. Stimulating the muscle with
FES can be done by using a stimulator with either implanted or
surface electrodes. Using surface electrodes is more common
because they are cheaper and safer as compared with implanted
electrodes [6]. One of the problems associated with FES is the
rapid appearance of muscle fatigue that terminates the training
session.
One of the common forms of training by FES that is widely
used in rehabilitation clinics is FES cycling which is
considered as an attractive and enjoyable choice for the
disabled due to its simplicity as compared with standing and
walking. One of the handicaps that are encountered during FES
cycling is the two dead points, i.e. a point of transition between

II.

SYSTEM DESCRIPTION

A. Humanoid-bicycle model
A humanoid-bicycle model, with a flywheel and an
electrical clutch mechanism, was developed using Visual
Nastran 4D dynamic simulation software. The humanoid
model was built using the standard anthropometric dimensions
introduced by [18]. The dimensions of the bicycle used were
taken from a real cycling ergometer. Standard ball bearings
friction was added to crank shaft holder of the bicycle for more
realistic results. The electrical clutch mechanism was modeled
as an on/off constraint between the flywheel and the crank
shaft of the bicycle using the same software. Detailed
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information about the humanoid-bicycle model can be obtained
from previous work of the authors [17].
B. Muscle model
The human musculoskeletal muscles, that are responsible
for producing voluntary movement, have been widely
described in the literature [19-20]. In this work, it is preferred
to use the model featured in [21], which is simple to implement
and accurate enough as it has been derived from data obtained
experimentally from paraplegics and healthy subjects. The
model is represented by a single-pole transfer function that
mimics the behaviour of the quadriceps muscle group
stimulated by an electrical stimulus. This muscle model is
implemented using simulink/matlab software with fixed
stimulation frequency of 33Hz, while the pulse width is kept
variable. The resultant muscle torque is fed to the knee joints of
the humanoid-bicycle model to produce leg movement. Further
information about this muscle can be found in detail in [21].
III.

Fig. 1. Stimulation phases according to knee position

For simplicity, the stimulation phases are defined according to
the crank angle of the bicycle measured by a position sensor.
Considering the 0° of the crank as the horizontal point at which
the right leg is situated close to the hip, the phases are defined
as; right push phase between 20° and 80°, the right resist phase
between 150° and 200°, the left push phase between 200° and
260°, the left resist phase between 330° and 20°. Since the
amount of pushing required to speed up the cycling may differ
from that of resist, four fuzzy logic controllers are used as
shown in Fig. 2.

CONTROL STRATEGY

The amount of torque, generated by applying FES signal on
leg muscles, can be controlled by a closed-loop control
approach to maintain smooth and coordinated pedaling
movement. The controllers can be used to alter, according to a
feedback signal, the pulse width of FES signal, control the
amount of muscle contraction and produce the required
movement. In this work, it is aimed to perform a cycling
cadence of 35 rpm, the lowest cycling speed used clinically
[10]. The actual cycling speed is measured using a speed
sensor, in the humanoid-bicycle model, located at the bicycle
crank, i.e. shaft, to measure the angular velocity of the crank.
This feedback signal is compared with a reference of 35 rpm
and the resultant error signal is fed to the controllers to
accordingly alter the pulse width and control the movement of
the legs to follow the reference.
A.

FES cycling without assistance (Scenario I)
The aim is for paraplegics to perform FES cycling, by
stimulating the quadriceps muscle group of each leg, without
assistance. The difficulty in this scenario arises from the fact
that stimulating the quadriceps of each leg leads to knee
extension only and no flexion movement can be generated.
Although, at certain positions, knee extension can speed up the
pedaling movement, at other positions it can also produce
opposite action and retard the movement, as in Fig. 1. To
govern a required cadence, the muscle should be stimulated
twice per cycle; first to speed up the movement and second to
retard it if necessary [16]. The cycling movement of each leg
can be divided into three phases; push, resist and rest. The push
phase is the period at which the knee extension can speed up
the cycling, while the resist phase is the period at which the
knee extension produces resistance to the movement. The rest
phase is the phase at which the leg is left without stimulus to
get rest before the next stimulus is due.

Fig. 2. The control block diagram of scenario I

The cadence error and its derivative are fed to the
controllers after being normalized by input scaling factors. The
two normalized FLC inputs are fuzzified using a fuzzy set of
five equally distributed, with 50% overlapping, Gaussian
membership functions. The fuzzy output, results from the fired
fuzzy rules of the FLC, changes to crisp values using the centre
of area defuzzification method. The output is defuzzified using
five equally distributed Gaussian membership functions. The
output of each controller, after being scaled by output scaling
factors, is added with a constant reference pulse width. The
values of constant pulse width together with the input/output
scaling factors are determined heuristically as G1=G10=
0.0034, G2=G11=0.007, G3=G12=70, G4=G7=0.002,
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B. FES cycling with a flywheel and electrical clutch
mechanism (Scenario II)
In this scenario it is aimed to perform FES cycling by
stimulating the quadriceps only with the help of a new assist
mechanism represented by a flywheel and an electrical clutch.
The flywheel, as energy storage device, is used to assist and
retard the cycling when necessary and to replace muscle
stimulation in the resist phase. The electrical clutch engages the
flywheel with the crank to absorb the excessive energy
produced by the leg and to store it as kinetic energy in the
flywheel. Also the flywheel, loaded with energy, is engaged by
the clutch to discharge its energy into the crank and support the
cycling in case the energy of the leg is not enough to pedal.
In this scenario, two fuzzy logic controllers are used to
control the amount of stimulation during the pushing phase,
while the resist phase is replaced by the assist mechanism. The
control block diagram can be seen in Fig. 6. The input/output
scaling factors and the reference pulse width used in this
scenario are the same as these of scenario I.

G5=G8= 0.0067, G6=G9= -45, R1=R4=60, R2=70, R3=50.
The performance of this control approach can be evaluated
from Figs 3-5. It’s clear from Figs 3-4 that each muscle is
stimulated twice per cycle; once for push and once for resist
phase. Also both muscles received approximately equal amount
of stimulation and produced the same torque in successive
cycles which is a good indicator of a coordinated pedaling
movement.

Fig. 3. Muscle torque of right leg

Fig. 6. The control block diagram of scenario II
Fig. 4. Muscle torque of left leg

The flywheel engagement and disengagement is
implemented in a closed-loop approach as shown in Fig. 7. The
engagement logic is constructed depending on the
instantaneous values of the crank angular velocity and the
angular velocity of the flywheel during the cycling. If the
angular velocity of the crank is greater than the required
cadence, i.e. the crank is fast and excessive energy is available
in the system, and if the angular velocity of the flywheel is less
than that of the crank, i.e. the flywheel is ready to resist, the
clutch will engage the flywheel with the crank to absorb the
energy and slow down the movement. Also, if the angular
velocity of the crank is less than the required cadence, i.e.
needs assistance, and the angular velocity of the flywheel is
greater than that of the crank, i.e. the flywheel is ready to
assist, the clutch will engage the flywheel to discharge its
energy into the crank and speed up the system.

From Fig. 5 it is clear that the control strategy was successful
in producing cycling movement. However, the dead points
resulted in rapid changes in the crank cadence.

Fig. 5. The angular velocity of the crank
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Fig. 10. Muscle torque of left leg
Fig. 7. The flywheel engagement mechanism

The performance of this control strategy can be seen from
Figs 8-14. Figs 8-9 show the engagement and disengagement
of the flywheel, by the clutch, for assist and resist periods.
From Fig. 10 and Fig. 11 it is clear that each leg was stimulated
once per cycle while there was an increase in the torque
produced by the muscles which indicates an increase in the
work done by the muscle. It can be seen from Fig. 12 that the
energy absorption and energy release of the flywheel during
resist and assist periods respectively and the corresponding
effect on the angular velocity of the crank, as in Fig. 13. It is
clear from Figs 12-13 that the flywheel mechanism was
successful in reducing the crank speed when a resist action was
required and also was successful in speeding up the crank when
an assist action was required.

Fig. 11. Muscle torque of right leg

Fig. 12. The angular velocity of the flywheel

Fig. 8. Flywheel engagement (assist period)

Fig. 13. The angular velocity of the crank

Fig. 14 shows a comparison between the cadence error in
both scenarios. It is clear that the flywheel mechanism was
effective in reducing the error in the crank cadence as well as
reducing the rapid change in the angular velocity at the cycling
dead points and consequently produced smoother cycling

Fig. 9. Flywheel engagement (resist period)
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[3]

cadence. From Fig. 15 it can be seen that the new assist
mechanism reduced the overall stimulation (from 600µs to
338µs) on the muscles. Reducing the stimulation intensity on
the muscle delays the appearance of muscle fatigue, and hence
the new mechanism promotes extended FES cycling exercise.

[4]

[5]

[6]

[7]

[8]

[9]
Fig. 14. Cadence error in both scenarios
[10]

[11]

[12]

[13]
Fig. 15. Integral of stimulation intensity in both scenarios
[14]

IV.

CONCLUSION

Coordinated FES cycling can be performed by stimulating
single muscle group, the quadriceps only. Using a closed-loop
control approach, a flywheel and electrical clutch mechanism
can be utilized to assist the legs and improve the cycling
performance. The new assist mechanism has shown superior
performance in terms of reducing the cadence error and the
sharp change in speed at the cycling dead points which results
in smoother and more comfortable cycling. The introduced
control approach with the new assist mechanism has reduced
the overall stimulation intensity on leg muscles by
approximately 43% which promotes delayed muscle fatigue
and prolonged FES cycling exercise.

[15]

[16]

[17]

[18]

REFERENCES
[1]

[2]

[19]

G. M. Davis, N. A. Hamzaid, and C. Fornusek, Cardiorespiratory,
metabolic, and biomechanical responses during functional electrical
stimulation leg exercise: health and fitness benefits, Artificial Organs,
vol. 32 (2008) pp. 625-629.
L. Griffin, M. Decker, J. Hwang, B. Wang, K. Kitchen, Z. Ding, and J.
Ivy, Functional electrical stimulation cycling improves body
composition, metabolic and neural factors in persons with spinal cord
injury, Journal of Electromyography and Kinesiology, vol. 19 (2009) pp.
614-622.

[20]

[21]

55

S. P. Hooker, A. E. Scremin, D. L. Mutton, C. F. Kunkel, and G. Cagle,
Peak and submaximal physiologic responses following electrical
stimulation leg cycle ergometer training, Journal of rehabilitation
research and development, vol. 32 (1995) pp. 361-366.
A. Frotzler, S. Coupaud, C. Perret, T. H. Kakebeeke, K. J. Hunt, N. N.
Donaldson, and P. Eser, High-volume FES-cycling partially reverses
bone loss in people with chronic spinal cord injury, Bone, vol. 43 (2008)
pp. 169-176.
M. L. Sipski, J. A. Delisa, and S. Schweer, Functional electrical
stimulation bicycle ergometry: patient perceptions, American Journal of
Physical Medicine & Rehabilitation, vol. 68 (1989) pp. 147-149.
K. Chen, S. C. Chen, K. H. Tsai, J. J. J. Chen, N. Y. Yu, and M. H.
Huang, An improved design of home cycling system via functional
electrical stimulation for paraplegics, International Journal of Industrial
Ergonomics, vol. 34 (2004) pp. 223-235.
D. Pons, C. Vaughan, and G. Jaros, Cycling device powered by the
electrically stimulated muscles of paraplegics, Medical and Biological
Engineering and Computing, vol. 27 (1989) pp. 1-7.
M. Gföhler, M. Loicht, and P. Lugner, Exercise tricycle for paraplegics,
Medical and Biological Engineering and Computing, vol. 36 (1998) pp.
118-121.
J. Petrofsky and J. Smith, Three-wheel cycle ergometer for use by men
and women with paralysis, Medical and Biological Engineering and
Computing, vol. 30 (1992) pp. 364-369.
J. Chen, N. Y. Yu, D. G. Huang, B. T. Ann, and G. C. Chang, Applying
fuzzy logic to control cycling movement induced by functional electrical
stimulation, IEEE Transactions on Rehabilitation Engineering, vol. 5
(1997) pp. 158-169.
J. J. Abbas and R. J. Triolo, Experimental evaluation of an adaptive
feedforward controller for use in functional neuromuscular stimulation
systems, IEEE Transactions on Rehabilitation Engineering, vol. 5 (1997)
pp. 12-22.
J. Riess and J. J. Abbas, Adaptive neural network control of cyclic
movements using functional neuromuscular stimulation, IEEE
Transactions on Rehabilitation Engineering, vol. 8 (2000) pp. 42-52.
C. S. Kim, G. M. Eom, K. Hase, G. Khang, G. R. Tack, J. H. Yi, and J.
H. Jun, Stimulation pattern-free control of FES cycling: simulation
study, IEEE Transactions on Systems, Man, and Cybernetics, Part C:
Applications and Reviews, vol. 38 (2008) pp. 125-134.
K. J. Hunt, B. Stone, N. O. Negard, T. Schauer, M. H. Fraser, A. J.
Cathcart, C. Ferrario, S. A. Ward, and S. Grant, "Control strategies for
integration of electric motor assist and functional electrical stimulation
in paraplegic cycling: utility for exercise testing and mobile cycling,"
Neural Systems and Rehabilitation Engineering, IEEE Transactions on,
vol. 12, pp. 89-101, 2004.
T. Takahashi, M. Takazawa, Y. Nishiyama, E. Nakano, and Y. Handa,
FES cycling chair for the lower limbs disabled people with electric
motor power assist, in 9th Annual Conference of the International FES
Society, September (2004).
R. Massoud, Intelligent control techniques for spring-assisted FEScycling, Ph.D. thesis, Dept. Auto. Cont. and Sys. Eng., Univ. of
Sheffield, Sheffield, UK, 2007.
S. C. Abdulla, O. Sayidmarie, S. Gharooni, and O. Tokhi, Modeling and
control of a novel FES driven assisted cycling mechanism, 17’th
International Conference on Methods and Models in Automation and
Robotics, Poland (2012) pp. 464-469.
D. A. Winter, Biomechanics and motor control of human movement,
second edition, Wiley-Interscience, New York, 1990.
F. Zajac, E. Topp, and P. Stevenson, A dimensionless musculotendon
model, Proceedings IEEE Engineering in Medicine and Biology, (1986)
pp. 26-31.
H. Makssoud, D. Guiraud, and P. Poignet, Mathematical muscle model
for functional electrical stimulation control strategies, IEEE
International Conference on Robotics and Automation, New Orleans,
Vol. 2 (2004) pp. 1282-1287.
M. Ferrarin and A. Pedotti, The relationship between electrical stimulus
and joint torque: a dynamic model, IEEE Transactions on Rehabilitation
Engineering, vol. 8 (2000) pp. 342-352.

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

56

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

Research on Computational Intelligence for CoLearning Enabled Healthy and Sustainable Housing
Jukka-Pekka Skön1, Mauno Rönkkö1, Mika Raatikainen1, Martti Juhola2, Kary Främling3 and Mikko Kolehmainen1
1
Department of Environmental Science
University of Eastern Finland
Kuopio, Finland
2
School of Information Sciences
University of Tampere
Tampere, Finland
3
School of Science, Department of Computer Science and Engineering
Aalto University
Espoo, Finland
monitoring and diagnosis of occupants. In addition, the
sustainability aspect requires expertise on life cycle
management and supplementary processes to housing, such as
waste management and exploitation of secondary, renewable
energy sources.

Abstract— In this paper we propose a unique idea to create a
state-of-the-art adaptive building automation system. The goal
can be achieved by combining the control points of building
automation obtained by data mining with machine learning and
residents’ feedback. The system to be developed fulfills the needs
of a new kind of building automation system improving real-time
housing energy efficiency, healthiness, safety and security, as well
as comfort considering residents’ lifestyle.
Keywords—building automation;
learning; condition monitoring; housing

I.

co-learning;

Both energy efficiency and indoor air quality are
internationally important and active topics. For instance,
European Commission had a call “Energy-efficient buildings”
in the seventh Framework Programme, FP7. In the United
States, Pennsylvania State University alone received
significant funding from United States Department of Energy
to lead an energy innovation hub. As for the indoor air quality,
World Health Organization released recently new indoor air
guidelines [1] for selected pollutants. There are also many
recent, prestige scientific publications on energy efficiency,
sustainability, and indoor air quality. For instance, in Nature
journal, there are discussions on low-energy buildings and
their relation to carbon emissions [2] as well as on use of
biological indicators for indoor air quality [3]. In the Science
Magazine, there are discussions on using and extending smart
grids for energy efficiency [4], sustainability [5], and relation
of healthiness to environment [6].

machine

INTRODUCTION

Global warming has set a future trend for cutting energy
costs to reduce the carbon footprint. Reducing energy
consumption, cutting greenhouse gas emissions and
eliminating energy wastage are among the main goals in the
European Union (EU). The buildings sector is the largest user
of energy and CO2 emitter in the EU, estimated at
approximately 40% of the total consumption. According to the
International Panel on Climate Change, 30% of energy used in
buildings could be reduced with net economic benefits by
2030. Such a reduction, however, is meaningless unless
sustainability is taken into account. Costs for improving
energy efficiency must not increase the overall cost
accumulation. This evaluation calls for life cycle assessment.
At the same time, indoor air quality is recognized more and
more as a distinct health hazard. Because of these factors
healthy, sustainable, and energy efficient housing have
become active topics in international research; there is an
urgent need for a new kind of high-technology driven and
subject-matter intensive and integrative research.

The problem with healthy and sustainable housing is that it
is a moving target. As understanding of hazards related to
construction materials and indoor air quality are understood
better, the guidelines and legislation is adopted. Likewise, as
energy production technologies advance, new practices
emerge affecting the overall sustainability. It is thus wrong to
assume that by optimizing energy efficiency of housing
regionally at one level somehow solves the overall problem.
This paper proposes an idea how to enhance low-cost
technologies with machine learning and computational
intelligence. However, as each house has its own unique
heating, ventilation, and air conditioning properties (HVAC
properties), the developed methods for learning need to be
interoperable and adaptive. Furthermore, to compensate for
the joint effects of changes in the housing environment and
occupancy behaviors, the methods need to empower colearning processes. Co-learning is unavoidable, when external
stimuli such as climate change cause changes also in life-style.

Healthy and sustainable housing requires interdisciplinary
state-of-the-art know-how. The research comprises knowledge
not only of home automation and building construction
technologies, including heating and ventilation, but also of
other subject areas. The research requires expertise starting
from measurement device technologies, including reliability
and quality aspects, to computational methods for indicator
mining and machine learning to be used in the home
automation appliances, reaching eventually aspects of health
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Merging all this technology and related measurement data
would provide a unique opportunity to evaluate factors and
costs over the whole life cycle. This would also facilitate
measurement based sustainability analysis that is critical for
validating and refining current sustainability models. Figure 1
depicts these factors for co-learning in the context of Adaptive
House.
II.

Tampere has studied signal analysis, data analysis and data
mining associated to medical applications. Several of these
studies, for example [21,22,23,24,25,26], comprise
methodological development and research which can be
directed and extended to the progress of the current research
theme containing several types of signals and data from
various housing sources. For instance, the research group has
specialized in frequent sorts of data analysis of biomedical or
physiological signals, and classification of data to different
classes using, among other things, neural networks,
Kohonen’s self-organizing maps, clustering, discriminant
analysis, decision trees, Bayesian methods, nearest neighbor
searching and support vector machines.

BACKGROUND

A. Previous Research Performed by Research Group of
Environmental Informatics
Research Group of Environmental Informatics from
University of Eastern Finland (UEF) has expertise on
measuring environmental data of both outdoor and indoor
phenomena. For instance, the research group has researched
[8,9,10] air quality forecasting by using computational
methods. Then, computational methods were developed for
data quality analysis and improvement. In particular, a toolbox
[11,12] for imputation of missing values was developed. UEF
has also published on energy consumption monitoring and use
of SOM for providing the occupant with more information on
personalized electricity use [7]. UEF has recently researched
energy consumption and indoor air quality actively, for
example [13,14,15,16,17,18,19,20].

C. Previous Research Performed by the Aalto University
Team
The DIALOG research team from Aalto University has
been studying and developing information architectures for the
Internet of Things since 2000. The objective has been to create
Intelligent Products [27,28] that continuously monitor their
status and environment, that can react and adapt to
environmental and operational conditions, are able to maintain
optimal performance in variable circumstances also in cases of
exception, and can actively communicate with the user,
environment or with other products and systems. The greatest
challenge with Intelligent Products is probably how to enable
them to adapt autonomously so that they could continuously
maintain or improve themselves without the need for human
intervention.

B. Previous Research Performed by Data Analysis Research
Group
Data Analysis Research Group DARG from University of

Fig. 1. Factors for co-learning in Adaptive House.
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III.

time and system stability, taking into account the available
processing power, memory, and the distributed nature of home
automation systems.

RESEARCH HYPOTHESIS AND OBJECTIVES

Because healthy and sustainable housing is a moving
target, we need to focus on solutions, and methods for
computational intelligence that support co-learning enabled
healthy and sustainable housing.

c) Researching novel, co-learning aware computational
intelligence.
The research has to also extend traditional machine
learning and computational methods to support co-learning.
Co-learning opens new possibilities for instance for clustering
methods, as they allow occupants to factor in new features for
the classification when occupants learn how their actions
reflect to sustainability. Similarly, reinforcement learning
methods, inductive learning of rules and tuning of fuzzy
controllers greatly benefit from co-learning; co-learning
allows emergence of conventions and evolution of cooperation
resulting in healthier and more sustainable housing. These
conventions and cooperation patterns are used on-the-fly as
basis for new strategies to control the HVAC properties, and
to detect air quality and consumption events as well as
anomalies. In housing, there are good indicators that are used
for measuring the success of novel co-learning aware methods.
These indicators include efficiency of heat recovery in
ventilation, the amount of energy used by the house in total
and by sub-systems separately, water consumption, humidity
and CO2 levels, as well as subjective input from inhabitants. In
addition, renovation costs, plans and expectations will be
modeled and integrated into sustainability assessment.

A. Research Hypothesis
With respect to the proposed idea, the research hypothesis
is twofold. Firstly, healthy and sustainable housing must
consider the whole housing experience and, therefore, include
life cycle assessment. Secondly, because of changing
environmental and societal factors, we cannot develop
technological solutions in isolation from occupants; rather, all
solutions must take into account changing behavior and
conventions of occupants through co-learning processes.
B. Research Objectives
The proposed research requires focusing on the following
ambitious research objectives:
a) Providing reusable solutions for healthy and
sustainable housing.
To consider the healthiness and sustainability of housing,
the analysis on the level of individual housing components is
hardly sufficient. We will need to research solutions for
healthy and sustainable housing that take into account life
cycle assessment for the whole housing experience, starting
from the construction and lasting through the renovations, and
changes in living conditions and in society. The most central
solutions will be validated in our next research project with
the measured data obtained from existing living labs, such as
AsTEKa, and the output is used as an integral part in colearning processes and developed methods that support colearning.

d) Method validation by simulations and case studies
involving existing sensor networks and living labs.
The developed solutions and methods should be evaluated
first by simulation. In particular, the detection, diagnosis, and
prediction methods that support co-learning for events and
anomalies will also be validated in existing living labs, such as
AsTEKa (described in more detail on section “Research
Material and Environment). Furthermore, all the data and
HVAC information mined from the data is to be collected and
stored. The data should also be augmented with metadata
supporting future research, validation and development
methods using machine learning and computational
intelligence.

b) Improving development of low-cost technologies that
support co-learning enabled healthy and sustainable housing.
Research is also required on developing machine learning
methods and computational methods to be integrated into
home automation. For instance, such methods are used to
detect anomalies and, with feedback from the occupants, to
learn to diagnose and predict the reasons and causal events for
the anomalies. We are going to study especially the use of
support vector machines (SVM) for the purpose of multiclass
classification. As SVMs were originally designed for binary
classification, we need to develop their applicability further
with the help of measured data. To support co-learning, we
will also use semantic methods, such as ontologies, to provide
enriched measurements and intentions that are correctly
understood by the occupants as well as the devices. To support
adaptive and predictive control, we need to extend existing
machine learning methods. Methods such as reinforcement
learning, inductive learning of rules and tuning of model
parameters for e.g. fuzzy controllers form the main initial
methodological framework. This framework will be tuned to
support co-learning processes. At the very low level, method
development is necessary in order to enable the processing of
both discrete and continuous-valued input and output
variables, as well as for satisfying requirements on processing

IV.

RESEARCH METHODS AND MATERIALS

To achieve the proposed goal, we need to set up a unique
research environment. We shall discuss next the related
research methods and materials.
A. Research Methods
A constructive research method with a theory refinement
cycle, as depicted in Figure 2, will be applied. In short, a
problem solution candidate is inferred based on state-of-the-art
theoretical body. The solution candidate is then implemented
within a value chain. The implementation is validated using
simulations and experiments, and the results are then used to
refine the theoretical body, to infer a better solution candidate,
if necessary.
As mentioned earlier, the research requires focus on
researching methods for computational intelligence that
support co-learning process to enable healthy and sustainable
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Fig. 2. Constructive research method for Adaptive House.

housing. Traditionally, computational methods, such as neural
networks and anomaly detection algorithms rely on the
existence of a fixed set of events, for which the methods are
fine-tuned once and for all. In case of healthy and sustainable
housing, however, the set of events is hardly fixed and is
likely to vary from year to year. Because of this, research is
needed to study different possibilities to enrich these methods
with co-learning.

researching biological signal analysis [21,23,24,25,26]
including methods on neural nets [22], machine learning [23],
and Bayesian models [25]. UTA’s research could focus on use
of SVMs for detecting housing by combining for instance,
suitably arranged rooted binary directed acyclic graphs [32].
Aalto has recently been researching intelligent products
[27,28], bi-memory models [33], and machine learning
[34,35,36] for control systems. The developed methods will be
validated first by simulation and then by implementing them
in existing living labs such as AsTEKa (described in more
detail on section “Research Material and Environment).

At the heart of this research is the use of semantic methods
and ontology learning [29,30,31]. Semantic methods can be
used to articulate the state of traditional machine learning
algorithms as well as diagnosis and prediction methods to the
occupant. This increased transparency helps the occupant to
understand the practical limitations and workings of the
algorithms in case of deviations and failed outcomes. The
same semantics methods work also the other way around, to
help the occupant to articulate desires and indicators for the
computational methods to take advantage of. In a way, this
part of the research focuses on developing a semantic,
adaptive interface for the computational methods. For the
interface to work, however, the computational methods must
also be enriched and the way that they are applied has to be
reconfigured. This task is far from trivial. Even for supervised
learning methods, including neural nets, classifiers, SVMs,
and simple decision trees, training is the hardest step requiring
expert knowledge. We believe that the semantic interface
could not only simplify this step, but also provide novel ways
for the underlying computational methods to adapt to
changing circumstances. When thinking of all computational
methods distributed among all sensors and actuators in
housing, the role of the semantic interface becomes more
critical also in ensuring consistence among disjoint
components. The research on enriching the used
computational methods with co-learning is a joint effort
between UEF, UTA, and Aalto. UTA has recently been

Co-learning enriched computational methods also form an
ideal framework for providing reusable solutions for healthy
and sustainable housing. Healthiness and sustainability factors
can be mutually identified and learned over time. For instance,
not only can the occupant express environmental effects of
various HVAC control strategies to the housing system, but
also the housing system can express effects of living habits
back to the occupants in terms of healthiness and
sustainability. In fact, over time the co-learning methods build
a knowledge base that can help further, to validate and refine
life cycle assessment models regarding housing.
Co-learning is also highly important in classifying low
level measurements. When an anomaly is detected, it is
necessary to decide how serious it is, if it can be handled
locally or if it necessitates external intervention – and by
whom, in that case. This is where co-learning enriched
methods will be of significant help. With an increasing
number of building automation systems, the amount of events
generated and shown to the inhabitants may become
overwhelming. It is therefore increasingly important to be able
to filter out the truly relevant ones, as well as automatically
taking corrective actions when possible. When using colearning, the number of correctly identified anomalies is much
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better than in traditional cases. This is further assisted with
low-level method development. Many real-world tasks also
involve continuous-valued state variables that have to be
discretized in order to be usable by many machine learning
methods. Function approximation techniques such as neural
networks can be used for overcoming this problem. Methods
that make the use of machine learning with continuous-valued
function approximation techniques could be developed to be
better understood, easier and more efficient than it is currently.
Novel combinations of SVM-based classification and function
approximation methods with machine learning paradigms
could also be developed and applied to the building
automation domain, while ensuring that the theoretical and
methodological results remain generally applicable.

building and we have collected valuable information on
Indoor Air Quality (IAQ) and energy consumption for several
years. More detailed information of these measurements is
presented in Table 1.

B. Research Material and Environment
Initial measurement data can be obtained from the living
labs (e.g. AsTEKa) developed by research group of
environmental informatics. In 2010, the first prototype of a
wireless building monitoring and control system was
developed [13,37]. Main components of monitoring system is
presented in Figure 3.
Nowadays, the system is based mostly on commercial
products excluding few adapter cards for connecting sensors
to ZigBee radio transceiver and user interface. Overall, the
system has been installed in 21 residential buildings and in 10
school buildings located in the City of Kuopio, Finland. In this
paper, we will focus on one residential building in more detail.

Fig. 4. Layout of the three floor residential building. Rooms are marked
as follows: Bedroom is BD, living room is LR, bathroom is BA and
technical room is TR. Pictures are not in a same scale.

The user interface contains six different sections for
regular users and special tools for administrators (Figure 5).

As presented in Figure 4, it is a three floor residential

Fig. 3. Overview of wireless monitoring and control system.
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TABLE I.
Measuring Point

MEASURING POINTS, PARAMETERS AND UNITS

Parameter/Spesification

Unit

Indoor Air Quality Measurements
Bedroom 1 (BD1)
Temperature, relative humidity, carbon dioxide, total volatile organic compounds
Bedroom 2 (BD2)
Temperature, relative humidity, carbon dioxide
Bedroom 3 (BD3)
Temperature, relative humidity, carbon dioxide
Living room (LR)
Temperature, relative humidity, carbon dioxide, carbon monoxide
Bathroom (BA)
Temperature, relative humidity, carbon dioxide
Vestibule
Temperature, relative humidity, carbon dioxide, particles (0.5 µm and 2.5 µm)
Building Automation System Measurements
Technical room (TR)
Outdoor temperature
Technical room (TR)
Electricity consumption, water consumption
Technical room (TR)
Water temperature (district heating income)
Technical room (TR)
Water temperature (district heating outcome)
Technical room (TR)
Water temperature (heating circuit 1, floor heating income)
Technical room (TR)
Water temperature (heating circuit 1, floor heating outcome)
Technical room (TR)
Water temperature (heating circuit 2, radiator circuit income)
Technical room (TR)
Water temperature (heating circuit 2, radiator circuit outcome)
Technical room (TR)
Hot water
Technical room (TR)
Hot water foresight
Technical room (TR)
District heating energy consumption
Technical room (TR)
District heating water flow
Other Measurements
Living room (LR)
Fireplace temperature
Living room (LR)
Occupancy sensor
Vestibule
Differential pressure (indoor/outdoor)

°C, %RH, ppm, ppm
°C, %RH, ppm
°C, %RH, ppm
°C, %RH, ppm, ppm
°C, %, ppm
°C, %RH, ppm, count/ft3
°C
Wh, m3
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
on/off
Pa

Fig. 5. Overview of indoor air quality page. End user can select sensors and a time window. The generally available sections are: a front page, a
consumption page, an air quality page, a weather page, a living diary page, and a report page. A user may have rights to all of these pages or some
subset of them.
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C. Implementation
The proposed research requires at least following steps to
achieve expected results:
1.

The development of detection and classification
methods in the context of machine learning and,
as a specific task, methodological development
of support vector machines for multiclass
classification.

2.

Research on novel, reusable methods for lowcost home automation. In particular, developed
methods are to support co-learning processes and
sustainability assessment.

3.

Research on the theoretical foundations for
novel,
co-learning
aware
computational
intelligence. The goal is to merge previously
gained expertise on complex systems, emergent
dynamics, and formal methods to support colearning processes in computational methods,
such as data mining, inductive learning, and
fuzzy control.

4.

5.

VI.

As mentioned earlier, this paper proposes a unique
research agenda to create a state-of-the-art adaptive building
automation system. The proposed research could produce new
measurement data and intelligent methods that can be applied
also in other fields than housing and control technology. The
data, in particular, is not limited to adaptive HVAC control; it
can also be used, for instance, in studying indoor healthiness
issues and in the research of human behavior and perceptions.
The implemented intelligent methods have an immediate
applicability in industry for improving HVAC devices and
control systems.
The wide research and development of unique systems
respond to future challenges of energy efficiency in buildings
and residential comfort. New kinds of innovations have the
opportunity to be widely applied in both new buildings and
renovation of already existing buildings.
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All processed jobs are completed within
their due windows

ABSTRACT
This article considers the due window scheduling

During the past few decades, a considerable amount
of work has been done on scheduling on multiple
machines to minimize the number of tardy jobs (see
Adamu and Adewunmi [1] and on single machine
(see Adamu and Adewunmi [2])). Garey and Johnson
[3] have shown our problem to be NP-complete and
finding an optimal solution appears unlikely. Using
the three-field notation of Graham et al [4], the
problem is represented as Pm| |∑(Uj + Vj).
Scheduling to minimize the (weighted) number of
tardy jobs have been considered by Ho and Chang
[5], Süer et al [6], Süer [7], Süer et al [8], Van der
Akker [9], Chen and Powell [10], Liu and Wu [11],
and M’Hallah and Bulfin [12]. Other articles are
Sevaux and Thomin [13], Baptiste et al [14],
Dauzère-Pérès and Sevaux [15], Sevaux and Sörensen
[16], Li [17], Hiraishi et al [18], Sung and Vlach [19],
Lann and Mosheiov [20], Čepek and Sung [21] and
Janiak et al [22]. Adamu and Abass [23] proposed
four greedy heuristics for the Pm||∑wj (Uj + Vj)
problem and extensive computational experiments
performed. Adamu and Adewunmi [24] proposed
some Meta-heuristics and their hybrids to solve the
problem considered by Adamu and Abass [23] and
found them performing better.

problem to minimize the number of early and tardy
jobs on identical parallel machines (Pm||∑(Uj + Vj)).
This problem is known to be NP complete and finding
an optimal solution is unlikely. Three meta-heuristics
and their hybrids are proposed with extensive
computational experiments conducted. The overall
best among them is Simulated Annealing hybrid.
Detailed comparative tests were also conducted to
analyze the different heuristics.

Keywords: Parallel Machine, Heuristics, Just-InTime, Meta-heuristic, NP Complete
1.

Introduction

Due to more emphasis on satisfying customers in
service provision, due-date related objectives are
becoming important in scheduling. In this article,
the objective of minimizing the number of early and
tardy jobs is considered; a situation where more jobs
are completed between their due windows (duedates). This objective is practical in real world
situation to attain a better customer service rating.
A comparative study of several heuristics is
considered for solving this problem. In the identical
parallel machine problem, n jobs are to be
processed on m machines assuming the following
facts:

2.

Problem Formulation

Let ther be an independent set, N = {1,2, . . . , n} of
jobs that are to be scheduled on m parallel identical
machines, which are immediately available from
time zero, each having an interval rather than a
point in time, called due window of the job. The left
end and the right end of the window are respectively
called the earliest due date (i.e. the instant at
which a job becomes available for delivery), and the
latest due date ( i.e. the instant by which processing
or delivery of a job must be completed). There is no
penalty when a job is completed within the due
window, but for earliness or tardiness, penalty is
incurred when a job is completed before the earliest
due date or after the latest due date. Each job jє N
has a processing time pj, earliest due date aj, and
latest due date dj, it is assumed that there is no
preemptions and only one job is allowed to be
processed on a given machine at any given time. For

A job is completed when processed by any
of the machines
A machine can process only one job at a
time
Once a job is being processed, it cannot be
interrupted
All jobs are available from time zero
The weights of the jobs are equal
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meta-heuristics and their hybrids can achieve better
results. Similar codes used in Adamu and Adewunmi
[24] shall be used to solve the problem of minimizing
the number of early and tardy jobs on parallel
machines.

any schedule S, let tij and Cij(S) = tij +pj represent
the actual start time on a given machine and
completion time of job j on machine i, respectively.
Job j is said to be early if Cij(S) < aj, tardy if Cij(S) >
dj and on-time if aj ≤ Cij(S) ≤ dj. For any job j, the
number of early and tardy jobs ( Liu and Wu [11])

3.2 Genetic Algorithm

Uj

int

1
sign[Cij ( S )
2

Genetic algorithms (GAs) are one of the best known
meta-heuristics for solving optimization problems.
GAs are loosely based on evolution in nature and use
strategies such as survival of the fittest, genetic
crossover and mutation. Since GAs usually have a
high performance and also use a population based
technique, it was decided to investigate their
comparative performance with the greedy heuristics.

1
2

pj]

Where we define that

sign[Cij (S )
1,

pj ]=
if a j

1,

C ij ( S )

aj

C ij ( S )

dj

1) Problem Representation: Deciding on a suitable
representation is one of the most important aspects
of a GA. It was decided that each job would be fixed
to a gene in the chromosome – implying that the
chromosome has length n (where n is the number of
jobs). Each gene would also have a machine number
(the number of the machine to which the job will be
assigned) and an order (a value between 1 and n
representing the order in which jobs assigned to the
same machine will be executed). Genetic operators
would then need to be applied to both the machine
number and the order.

dj

and that int is the operation of making an integer.
Obviously,

Uj

1,

if a j

0,

aj

C ij ( S )
C ij ( S )

dj
dj

Therefore, the problem of scheduling to minimize
the number of tardy jobs on identical parallel
machines can be formulated as W.
m

n

W

m

n

Uj
i 1

int

j 1

i 1

j 1

1
sign[Cij ( S )
2

2) Algorithm: Below is a basic pseudo code of the
genetic algorithm which was used.

pj]

(1)
Min
m

n

i 1

j 1

Uj
m

n

min

int
i 1

3.

j 1

1
sign[Cij ( S )
2

pj]

1
2

(2)

Heuristic and Meta-heuristics

3.1 Greedy Heuristic
Adamu and Abass [23] have proposed four greedy
heuristics which attempt to provide near optimal
solutions to the parallel machine scheduling
problem. In this paper the fourth heuristic (DO2)
would be use. It entails sorting the jobs according to
their latest due date (i.e. latest due time processing time) and ties broken by the highest
weighted processing time is used (i.e. weight /
processing time).
Results of these greedy heuristics are encouraging;
however it will be further investigated whether using

1

Generate a population of randomly initialized
2
individuals.
iterations ← 0
repeat
for i = 1 → popSize do
Perform crosssover with probability
crossoverRate.
end for
for i = 1 → popSize do
for j = 1 → numJobs do
Mutate machine with probability
MutationRate.
end for
end for
for i = 1 → popSize do
for j = 1 → numJobs do
Mutate order with probability
mutationRate.
end for
end for
Use selection to form a new population of
individuals.
iterations ← iterations + 1
until iterations ≥ numIterations
Return the fitness of the best individual.
3.3 Particle Swarm Optimization

66

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

Particle swarm optimization was chosen to attempt
to solve the parallel machine scheduling problem. It
is a population based technique derived from the
flocking behaviour of birds which relies on both the
particle’s best position found so far as well as the
entire population’s best position to get out of local
optimums and to find the global optimum. PSO is
appropriate to use for parallel machine scheduling
because not much is known about the solution
landscape and so PSO may be useful to get out local
optimums to find the global optimum.
1) Problem Representation: The PSO algorithm
requires that a representation of the solution (or
encoding of the solution) is chosen. Each particle
will be instances of the chosen representation. A
complication is that PSO works in the continuous
space whereas the scheduling problem is a discrete
problem. Thus, a method is needed to convert from
the continuous space to the discrete space. The
representation is as follows:
• Each particle contains a number between
0 (inclusive) and the number of machines
(exclusive). This number represents the
machine on which the particle is scheduled
and is simply truncated to convert to the
discrete space.
• Each particle contains a number between
0 (inclusive) and 1 (exclusive). This number
represents the order of scheduling relative
to the other particles on the same machine
where a lower number indicates that that
job will be scheduled before the jobs with
higher numbers.
2) Algorithm: Below is a basic pseudo code of the
PSO which was used.
for i = 1 → PopSize do
Construct
particle
with
randomly
initialized machine number and order.
end for
repeat
pbest ← 231
for i = 1 → PopSize do
fitness ← calcfitness(pop[i])
if fitness < pbest then
pbest ← fitness
end if
if fitness< fitness(gbest) then
gbest ← pop[i]
end if
end for
for i = 1 → PopSize do
v[i + 1] ← wv[i] + r1c1(pbest – pos[i]) +
r2c2(gbest – pos[i])
pos[i + 1] ← pos[i] + v[i] (ensuring to
clamp the position within range)
end for
iterations ← iterations + 1
until iterations ≥ numIterations

Simulated annealing (SA) was chosen as a metaheuristic which could solve the parallel machine
scheduling problem. Simulated annealing is based on
real-life annealing, where the heating of metals
allows for atoms to move from their initial position
and the cooling allows for the atoms to settle in new
optimal positions. SA is not a population based
heuristic – thus only one solution is kept at any one
stage. Since SA should result in less operations being
performed with respect to a population based
technique, execution times may be quicker. It is this
reason why SA was chosen for investigation.
It should also be noted that simulated annealing will
in all likelihood achieve better results than a simple
hill-climbing technique. This is because SA can take
downward steps (i.e. accept worse solutions) in
order to obtain greater exploration. Thus, it is less
likely to become stuck in a local minimum (a very
real problem given the complex solution space).
1) Problem Representation: The representation is
remarkably similar to that used in the GA. A solution
consists of n elements (where n is the number of
jobs). Each element has a specific job as well as the
machine onto which it will be assigned and the order
of assignment. Perhaps the major difference
between them is that the GA has a population of
solutions (chromosomes) whereas SA focuses on a
single solution.
2) Algorithm: This is the basic algorithm used in the
SA technique:
Generate a randomly initialized solution sol.
repeat
for i → 10 do
find a neighbor of sol and call it solPrime.
if fitness(solPrime) < fitness(sol) then
sol ← solPrime
else
if efitness(sol) – fitness(solPrime) > rand(0..1) then
sol ← solPrime
end if
end if
end for
temp← temp*beta
until temp ≤ templ
4. Computational Analysis and Result
4.1 Date Generation
The program was written in Java using Eclipse. It
actually consists of a number of programs, each one
implementing a different type of solution. The
output of each of these programs gives the final
fitness after the algorithm has been performed and
the time in milliseconds that the algorithm took to
run.

3.4 Simulated Annealing

67

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

The heuristics were tested on problems generated
with 100, 200, 300 and 400 jobs similar to Adamu
and Abass[22], Ho and Chang [5], Baptiste et al [14]
and M’Hallah and Bulfin [12]. The number of
machines was set at levels of 2, 5, 10, 15 and 20.
For each job j, an integer processing time pj was
randomly generated in the interval (1, 99). Two
parameters, k1 and k2 (levels of Traffic Congestion
Ratio) were taken from the set {1, 5, 10, 20}. For the
data to depend on the number of jobs n, the integer
earliest due date (aj) was randomly generated in the
interval (0, n / (m * k1)), and the integer latest due
date (dj) was randomly generated in the interval (aj
+ pj, aj + pj + (2 * n * p) / (m * k2)).
For each combination of n, k1 and k2, 10
instances were generated, i.e., for each value of n,
160 instances were generated for 8000 problems of
50
replications.
The
meta-heuristics
were
implemented on a Pentium Dual 1.86 GHz, 782 MHz,
and 1.99 GB of Ram. The following meta-heuristics
were analyzed GA, PSO, SA, GA Hybrid, PSO Hybrid,
PSOGA Hybrid and SA Hybrid.

4.4 Parameters
For each solutions strategy, there are a number of
different parameters that affect the performance of
the algorithm such as population size, mutation rate,
initial temperature, etc. These parameters needed
to be experimentally determined and so the
algorithms were run manually on a subset of all the
testing data in order to determine the optimal
parameters. This involved experimenting with the
full range of each parameter and recording and
tabulating the results achieved. The combination of
parameters that gave the best performance was
selected as the optimal parameters.
5. Discussion on Results
In this section, the results of the algorithms are
shown, including the hybridizations. In the four
tables shown in Table 1, each cell consists of two
numbers. The top number is the weight of the
schedule that is produced, averaged over 50 runs.
The bottom number is the average time in
milliseconds that the algorithm takes to complete.
Also included are four charts each for the
performance of the meta-heuristics in relation to the
penalty (see Figure 1) for N= 100, 200, 300 and 400.
Figure 1 compares the relative performance
(penalty) of each of the 6 algorithms compared to
the number of machines used.
It should be clear from both the Table 2 and the
charts (Figures 1) that the Simulated Annealing
Hybrid (SAH) out performed the other metaheuristics in almost all points. Its average
performance time is 0.5 seconds. It was observed
the various hybrids performed better than their
meta-heuristic without it. It further proves the
effectiveness of hybridization on the metaheuristics.

4.2 Improvements
Genetic algorithms are different from many other
meta-heuristics in that they have different genetic
operators which can be tried and tested – rather
than simply changing parameters. The original GA
which was tested used 1-point crossover, random
mutation for machines, swap mutation for order and
tournament selection. It was decided to try other
combinations of operators in order to see if
performance could be increased. For this reason,
roulette-wheel selection, uniform crossover and
insert mutation (for order) were all programmed. A
user would then be able to choose any combination
of operators to use for their own GA. More
information on the optimal combination of genetic
operators will be mentioned in the parameters
section.

The Genetic algorithm (GA) performed worst
compared to other meta-heuristics in all of the
categories considered for all N jobs and M machines.
The GA time is averagely less than 2 seconds, far
slower than the SAH – notably because it keeps track
of a population of individual solutions. Results show
it to be in the region of 4 times slower compared to
SAH.

4.3 Greedy Hybrids
Once the meta-heuristics (GA, PSO and SA) had been
programmed, it was thought that improvements on
them could potentially be made if they somehow
included aspects or features from the greedy
heuristic used by Adamu and Abass (2010). It was
clear from the works of Adamu and Abass (2010) that
the key to the greedy heuristics was in the order in
which jobs were assigned to machines. So the
mechanisms of ordering in DO2 needed to be
incorporated in the meta-heuristics (GA, PSO, SA).

The genetic algorithm which is hybridized with DO2
(GAH) achieves better results (see Table 2 and
Figure 1) compared to the simple genetic algorithm
(GA) on all of the test cases. In all cases considered,
the GAH out perform the ordinary GA and as the
value of N increases the performance rate of GAH
over GA widens. For larger values of N the
performance of GAH is almost equivalent if not
better than SAH. GAH takes on average about 2.55
seconds. GAH would be ideal for larger values of N
where an optimal solution is not readily feasible. It

To implement the hybridisation in the 3 metaheuristics, the order field was removed from Gene,
Dimension and Element respectively. Also, any code
in Chromosome, Particle and Solution which dealt
with the order (e.g. swap mutation in Chromosome)
was removed.
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is observed that averagely the GA takes lesser time
to run compared to GAH.
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The particle swarm optimization (PSO) and the
hybrid PSO (PSOH) produce lower weight compared
to the GA. Furthermore, they are far slower than all
the meta-heuristics considered (over 33.1 times
slower for PSO and 22.9 for PSOH in relation to SA).
This is understandable since PSO is a populationbased algorithm so there is a lot of work being done
at each step. Hybridizing particle swarm
optimization with the DO2 greedy heuristic produces
results which are better than PSO for all cases. The
PSOH is also about 1.45 times faster than PSO. While
it is observed for all other meta-heuristics that as
the number of machines increase their corresponding
penalties reduce, the reverse is the case for PSO and
PSOH.
The results for simulated annealing (SA) are far
better on the average than those GA, PSO AND PSOH
both in performance of penalty and time (see Tables
1 &2 and Figures 1). On average, SA takes 0.45
seconds to run. However, it is about 4.41, 5.72, 33.1
and 22.9 times quicker than the GA, GAH, PSO and
PSOH respectively. SA has the best overall time
performance among all the meta-heuristics.
Hybridizing simulated annealing with the DO2 greedy
heuristic (SAH) produces results that are slightly
better than the SA solution for all cases considered.
It produces the over all best results among the metaheuristics in terms of performance in relation to
penalty. The average timing is a little less than 0.5
seconds.
Due to equality of their variances, subsets of
homogeneous groups are displayed in Table 2 using
Scheffe’s method. Three groups are obtained: group
1—SAH, GAH, SA and PSOH, group 2—PSO and group 3
– GA. These groups are arranged in decreasing order
of their effectiveness. The worst among them is the
GA.
6. Conclusion
We considered an identical machine problem with
the objective of minimizing the number of early and
tardy jobs. Six meta-heuristics which incorporates a
fast greedy heuristic were suggested that gave
promising results. Computational experiments and
statistical analyses were performed comparing these
algorithms. The SAH was the best among the various
meta-heuristics. This research can be extended in
several directions. First, these results could be
compared with an optimal solution. Second, the
environment with uniform or unrelated parallel
machines can be a practical extension.
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TABLE 1: Homogeneous Subsets
PENALTY
Scheffe

a

Subset for alpha = 0.05

HEURIS
TICS

N

1

2

SAH

20

28.4050

GAH

20

30.5940

SA

20

41.6130

PSOH

20

47.1060

PSO

20

GA

20

3

69.4160
91.58
40

Sig.

.147

1.000 1.000

Means for groups in homogeneous subsets are
displayed.
a. Uses Harmonic Mean Sample Size = 20.000.
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Table 2: Performance of Meta-Heuristics for different values of N
GA
GAH
PSO
N=100
PSOH
SA
SAH

GA
GAH
PSO
N=200
PSOH
SA
SAH

MIN
113
1937
63
2781
80
13734
65
10093
74
422
67
516

M=2
AVE
119.38
2006.86
76.04
2904.34
90.42
14069.74
74.96
10771.24
81.68
482.36
78.58
564.34

MAX
126
2122
85
3063
104
14453
85
11765
91
609
93
641

MIN
105
1891
59
2641
80
13359
68
9625
69
391
56
484

MIN
105
1922
32
2797
57
14187
33
9953
49
421
32
531

M=2
AVE
112.74
2014.68
43
2889.16
69.68
15639.1
42.38
10685.86
57.2
470
44.12
553.74

MAX
119
2640
53
3031
82
17656
54
11672
66
532
52
610

MIN

M=2
AVE
109.28
2031.28
21.06
2868.62
57.7
15610.6
21
10898.8
42.26
479.12
21.6
551.54
M=2
AVE
106.38
2021.86
8.9
2861
54.72
15572.48
9.46
10640.96
43.2
468.78
9.32
549.7

MIN
GA
GAH
PSO
N=300
PSOH
SA
SAH

96
1938
13
2765
44
14093
13
10125
32
422
14
516

MIN
GA
GAH
PSO
N=400
PSOH
SA
SAH

94
1953
3
2766
42
14157
3
9921
23
422
3
515

M=5
AVE
110.84
1961.52
69.52
2770.62
93.44
13795.38
82.88
10251.9
75.84
439.5
66.7
506.38

MAX
116
2266
59
2938
103
14250
90
11172
81
516
75
562

MIN

MAX
111
2453
45
2938
87
16884
63
20562
58
485
49
547

MIN

94
1844
25
2625
54
13953
31
9500
36
406
24
468

M=5
AVE
100.46
1948.48
38.1
2751.26
71.4
15253.88
52.34
10410.12
50.02
436.52
35.96
500.9

MAX
127
3266
29
3047
69
18469
32
21672
56
563
32
609

MIN

M=5
AVE

MIN

85
1844
12
2609
42
13890
15
9610
28
391
13
468

94.9
1945.92
18.72
2745.68
57.38
15334.38
30.74
10250.84
34.84
448.86
18.04
501.16

MAX
105
2422
30
2938
75
17375
47
14594
44
547
29
578

MAX
118
2312
15
2938
66
17468
16
11672
42
532
16
609

MIN

M=5
AVE
93.22
1974.82
8.32
2716.32
52.88
14119.14
18.26
10122.72
25.88
442.44
8.22
496.56

MAX
107
3141
15
2782
71
16953
29
10922
33
500
16
532

MIN

81
1844
2
2640
37
13110
10
9437
18
406
1
468

96
1828
52
2484
83
13406
64
9375
59
375
47
437

78
1844
22
2484
65
13750
46
9359
31
375
18
437

71
1844
8
2500
50
13765
18
9266
19
375
7
437

63
1875
0
2500
36
12906
11
9297
14
375
0
437

71

M=10
AVE
103.14
1909.34
64.02
2628.76
92.08
13703.4
85.5
9993.76
67.46
425.06
58.32
470.62

MAX
109
1985
76
2782
99
14141
95
10922
76
485
71
500

MIN

M=10
AVE
89.28
1915.86
35.68
2591.58
73.6
15079.68
57.24
10099.74
43.64
424.3
31.92
464.44

MAX
96
2297
43
2719
83
16750
65
18812
51
500
42
515

MIN

M=10
AVE
82.52
1918.78
15.94
2579.72
63.2
15153.82
35.98
9850.64
28.36
432.72
13.86
459.1

MAX
95
2391
24
2656
72
17062
45
10750
36
516
21
500

MIN

M=10
AVE
79.1
1914.62
6.6
2566.86
56.24
13153.44
23.76
9868.22
20.28
417.8
5.74
460.06

MAX
93
169
18
2672
65
13516
37
10579
33
484
15
516

MIN

92
1890
51
2485
82
13468
74
9234
54
390
41
437

75
1875
22
2454
62
13875
49
9343
31
390
17
437

67
1828
8
2500
41
13906
12
9094
18
390
4
437

62
1844
0
2484
30
12953
12
9016
8
390
0
437

M=15
AVE
98.68
1928.72
59.96
61
90.54
14622.4
83.82
10029.34
62.06
435.64
53.54
468.14

MAX
106
2000
67
2750
95
20687
93
10687
69
516
61
515

MIN

M=15
AVE
82.8
1922.2
31.94
2579.58
72.36
15277.78
57.46
10094.66
38.02
434.74
26.88
466.26

MAX
92
1985
39
2734
81
17157
65
18422
45
500
34
437

MIN

M=15
AVE
74.3
1962.22
14.94
2561.46
61.44
15309.38
38.34
9849.82
24.88
435.64
11.96
461.88

MAX
83
2766
23
2687
70
17969
51
10610
35
485
19
500

MIN

M=15
AVE
71.3
1974.86
4.84
2560.86
54.64
13333.5
27.26
9887.2
15.92
437.8
3.64
466.54

MAX
83
3016
12
2860
62
13641
39
11188
24
390
10
532

MIN

88
1922
41
2531
80
14187
72
9531
47
406
35
453

72
1890
18
2484
62
14218
48
9484
24
406
15
453

60
1891
3
2485
56
14218
10
9078
13
406
2
437

57
1938
0
2515
49
13265
1
9437
6
406
0
437

M=20
AVE
93.26
1987.5
51.8
2648.48
88
15614.72
80.48
10251.54
54.36
459.08
46.28
476.62

MAX
101
2094
62
2813
95
18344
87
11109
64
531
57
532

M=20
AVE
77.14
1986.2
27.86
2606.54
72.02
15587.76
56.64
10341.26
33.68
457.3
23.02
479.92

MAX
85
2625
36
2766
79
17687
67
19719
41
547
34
547

M=20
AVE
68.26
2003.44
11.48
2592.92
61.96
15566.66
37.78
10079.08
20.1
451.26
8.4
463.8

MAX
76
2734
21
2688
72
18500
48
11203
29
516
16
516

M=20
AVE
64.7
1993.8
3.16
2576.74
54.62
13559.38
25.84
10066.84
12.58
446.32
2
472.78

MAX
74
2625
13
2641
61
13906
40
13297
22
515
9
547

Figure 1: Meta-heuristics Performance in Relation to Penalty
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Abstract— Recently the applications of unmanned systems are
steadily increasing. Unmanned Surface Vessels (USV) can be
used for military and rescue purposes. This paper designs a
Fuzzy-LQR controller for Heading control of the USV system. A
new analysis of the fuzzy system behavior presented helps to
make possible precise integration of LQR features into fuzzy
control. This Fuzzy-LQR controller is used to adjust the closed
loop controller feedback gains in order to obtain the desired
Heading (Yaw angle) under variations of the USV parameters
and environmental variations. Matlab Simulink has been used to
test and compare the performance of the LQR and Fuzzy-LQR
controllers. The Fuzzy-LQR controller for USV is verified by
simulation to show better performance by suppressing the
uncertainty instability more effectively than the LQR besides
minimizing the time of the mission proposed.

freedom model. In order to simplify the model, the roll motion
was neglected. This simplification is acceptable because roll is
less significant than yaw, surge, and sway. from this nonlinear
three degree of freedom planar motion(surge, sway, and
heave) model, with force and moment inputs, we make several
simplifying assumptions to obtain low order models suitable
for identification from experimental data.[4]
LQR is a method in modern control theory that used
state-space approach to analyze such a system. Using state
space methods it is relatively simple to work with a multioutput system. The system can be stabilized using full-state
feedback system. In designing LQR controller, lqr function in
Matlab can be used to determine the value of the vector K
which determined the feedback control law.[5]
Fuzzy Logic Controller (FLC) is conceived as a better
method for sorting and handling data but has proven to be an
excellent choice for many control system applications because
of non-linearity, complex mathematical computation and realtime computation need. [6]
To synthesize a fuzzy controller, we pursue the idea of
making it match the LQR for small inputs since the LQR was
so successful. Then, we still have the added tuning flexibility
with the fuzzy controller to shape its control surface so that for
larger inputs it can perform differently from the LQR.[7]
This paper designs a Fuzzy controller for tuning the state
feedback gains of the USV system. This Fuzzy-LQR
controller is used for heading control of an unmanned surface
vehicle. The Fuzzy-LQR simultaneously makes use of the
good performance of LQR in the region close to switching
curve, and the effectiveness of fuzzy control in region away
from switching curve.
The paper is structured as followings: In section 2 the
dynamic modelig of the USV is described. The controllers are
presented in section 3. The simulations supporting the
objectives of the paper and results are presented in section
4.concluding remarks are presented in section 5.

Keywords—USV, Fuzzy control, LQR control, Heading control

U

I.

INTRODUCTION

nmanned robotic vessels are capable of performing
desired tasks in unstructured, uncertain and potentially
hostile environments. They may be remotely-operated or
function (semi-) autonomously without human intervention.
Unmanned surface vessels (USVs) fill an increasingly
important niche in the pantheon of robotic vessels. Equipped
with appropriate sensors, USVs can collect information about
the subsurface and above-surface environments and they can
be used for military and rescue purposes.
The ship steering autopilot is one of the earliest
applications of automatic control theory. A simplified PID
type of course-keeping autopilot was introduced in the
early1920s (Minorsky, 1922). Thanks to the deployment of the
global positioning system (GPS) in the 1970s, integration of
the positional data from the GPS, into ship steering autopilots,
forms the so-called track-keeping autopilots. According to the
mathematical model, during the controller design process, we
can classify the track-keeping autopilot design methods into
two categories, the model-based approach and the model-free
approach. The LQG optimal control (Holzhuter, 1997) and the
HN control (Morawski andPomjrski,1998) are typical modelbased methods[1]. The fuzzy control (Vaneck, 1997) and the
artificial neural network (ANN) (Hearn etal.,1997) belong to
the model-free approach.[2],[3]
The Nomoto model was based off of a four degree of

II.

Dynamic Modeling of USV

A. Modeling in Absence of Currents
With respect to figure 1, the 6 degrees of freedom
kinematics of a vessel in the absence of currents can be
described by:
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Where M is the mass matrix, C is the Coriolis and
centripetal matrix, D is the damping matrix, and f are the
control forces and moments. The mass matrix M and Coriolis
and centripetal matrix C can be expressed as following
relations:

with c = cos, s = sin, and t = tan.
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Fig. 1. six DOF vessel model

Also assuming planar motion, the linear damping matrix
takes the form:

To simplify matters, we will ignore the roll, pitch, and
heave dynamics and consider USV motion in the horizontal
plane. This reformulation leads to ignoring planing dynamics,
implying that the boat's dynamics cannot be modeled with
constant parameters through the entire performance envelope.
Different planing situations can be recovered by having
different added mass values for each planing mode. Figure 1
illustrates the state and input variables for a planar USV model
with a gimbaled thruster (e.g., an outboard engine).[8],[9]

 Xu  Xu u u

D()  
0


0


0
Y  Y  
N  N  



Yr  Yr r r  (7)

Nr  Nr r r 

0

At very low speeds, potential fow theory provides a good
description of the dominant hydrodynamic effects.
Incorporating inputs and decoupled linear damping terms
gives:

m(u  vr )  X uu  Yv vr  X u u u u  X ctrl (r
m(v  ur )  Yv v  X u ur  X v v v v  Yctrl (r

(8)

 zz r  Nr r  ( X u  Yv )uv  Nr r r r  Nctrl (r
In these equations, the propulsor generates a surge force
Xctrl which may, in general, be a complicated function of the
vehicle state as well as throttle setting  (measured in
percent) and the steering angle r . Likewise, the steering
moment Nctrl( r  ) and the side force Yctrl( r  )
resulting from control detections may also depend on the full
state. The model can be put in the state-space form:

Fig. 2. Three DOF of vessel model

The kinematic model for a USV in planar motion in the
absence of currents is:

 x   cos   sin  0  u 
  
 
 y    sin  cos  0  v 
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B. LOW SPEED NONLINEAR PLANAR MODEL
The dynamics of a boat can be described, using the
notation
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with stable closed loop poles(as an algorithm condition). This
could be achieved by selecting the control input u (t) to
minimize a quadratic cost or performance index (PI) of the
type

C. LINEAR NOMOTO MODEL
Linearizing (8) about the steady motion corresponding
to the state variable values:



u  u0 ; v  0; r  0

J

The model can be put into state-space form:

v
 
r

v
A    Br
r

1
( xT Qx  uT Ru )
2 0

(12)

Where Q and R are symmetric positive semi-definite
weighting matrices x, u are state and control stdeviations
respectively.

(10)

Nomoto and colleagues [10] suggested that turn rate can
be described as a simple 2nd order equation relating rudder
angle,  , and turn rate, r, at a given forward speed u0 :

B. Fuzzy controller

K (1  T3 s)
r ( s)

( s) (1  T1s)(1  T2 s)

(11)

The principles of fuzzy systems are introduced here and
then the LQR Integrated fuzzy control is designed .

K is a rudder gain and

Ti (i=1,2,3) is derived by

A fuzzy system comprises a fuzzification unit, a fuzzy rule
base, an inference engine and a defuzzification unit. The fuzzy
system can be viewed as performing a real (non-fuzzy) and
n
nonlinear mapping from an input vector X  R , to an output

identification of the vessel.
For the studied USV model the coefficient are derived by
system Identification and showed in Table 1.[10],[11]

vector y  f (X )  R (n and m are input and output vector
dimensions, respectively). The interfaces between real world
and fuzzy world are a fuzzifier and a defuzzifier; the former
maps real inputs to their corresponding fuzzy sets and the
latter performs in the opposite way to map from fuzzy sets of
output variables to the corresponding real outputs. There are
two types of fuzzy systems that are commonly used; TakagiSugeno-Kang (TSK) and fuzzy systems with fuzzifier and
defuzzifier. In this work, we used the second type. The fuzzy
rule base consists of fuzzy rules, which use linguistic If-Then
sentences to describe the relationship between inputs and
outputs.

Table 1
Linear model coefficients

K

0.365 (1/s)

T1

11.8 (s)

T2

7.8 (s)

T3

18.5 (s)

m

III.
HEADING CONTROL ALGORITHM DESIGN
The control is carried out based on the fuzzy model via the
so-called parallel distributed compensation scheme.
LQR is used to determine best values for parameters in
fuzzy control rules in which the robustness is inherent in the
LQR thereby robustness in fuzzy control can be improved.
With the aid of LQR, it provides an effective design method of
fuzzy control to ensure robustness.
The motivation behind this scheme is to combine the best
features of fuzzy control and LQR to achieve rapid and
accurate tracking control of a class of nonlinear systems.
The results obtained show a robust and stable behavior
when the system is subjected to various initial conditions,
moment of inertia and to disturbances.

The antecedent fuzzy set (fuzzy Cartesian product) of each
rule F1  F2  Fn , is quantified by the t-norm operator which
may be defined as (13), the min-operator or the product
operator:

min[  F 1 ( x1 ),,  Fn ( xn )]

 F 1Fn  x1 ,, xn   
or
  ( x )  ( x )
F1
1
Fn
n


(13)

The defuzzification is performed using (14), where μj is the
firing strength of the antecedent part of the jth rule and is
given by :

A. Linear Quadratic Regulator Controller:
The modern control system design is based directly on the
state variable model, which contains more information about
the system. Another central concept is the expression of
performance specifications in terms of a mathematically
precise performance criterion that then yields matrix equations
for the control gains. The classical successive loop closure
approach means that the control gains are selected
individually. In contrast, solving matrix equations in modern
control allows all the control gains to be computed
simultaneously so that all the loops are closed at the same time

 c
 
N

y  f X  

j 1 j
N
j 1

j

(14)

j

C. The Fuzzy Control LQR (FC-LQR)
The LQR fuzzy control utilizes both advantages from the
LQR controller and fuzzy logic controller, as LQR controller
can easily satisfy the flying qualities and pilot rating
requirements and fuzzy control can cope with the nonlinearity
of the system, introducing a smart way to modifying the
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output gains according to the actual performance, blending the
dynamic response that generating better performance than
using LQR alone.
A FUZZY-LQR is designed which meets the requirements
of small overshoot in the transient response and a well damped
oscillations with no steady state error Fig. 3 describes the
Fuzzy-LQR controller for yaw angle control. The system
dynamics is described by LQR design process for yaw control.

Fig.4. Membership function of Inputs

Fig. 2. Fuzzy-LQR controller for yaw angle control

The Fuzzy LQR controller, which takes error "e" and
rate of change-in-error "edot" as the input to the controller
makes use of the fuzzy controller rules to modify state
feedback gains K=[K1,K2,K3] on-line. The Fuzzy LQR
controller refers to finding the fuzzy relationship between the
three gains of state feedback, K1, K2 and K3 and "e" and
"edot", and according to the principle of fuzzy control
modifying the three gains in order to meet different
requirements for control gains when "e" and "edot" are
different and making the control object produce a good
dynamic and static performance.
For the input variables of "e" and "edot", seven fuzzy
values is chose (NB, NM, NS, ZO, PS, PM, PB) which NB
denotes Negative Big, NM denotes Negative Medium,
Negative Small (NS) , Zero (ZO) , Positive Small (PS),
Positive Medium (PM) and PB denotes Positive Big, and for
the outputs we chose nine fuzzy values (NVB, NB, NM, NS,
Z, PS, PM,PB,PVB) which NVB denotes negative Very large
and PVB denotes Positive Very Big.
The membership functions of all the outputs have been
chosen identical. Fig. 4, Fig. 5 shows these membership
functions. This membership functions are combined of
triangular and Gaussian. The width of the fuzzy sets used for
controllers are not same and they have been determined by
trial and error experience. The fuzzy sets width of outputs has
been chosen [-500,500]. for inputs, the range of the error was
chosen [-1 1] and for error rate have been chosen [-10 10].

Fig. 3. Membership function of Outputs

IV.

RESULTS AND SIMULATION STUDY

In this section, we will present simulation results of
the proposed fuzzy LQR controller for yaw control of
USV and compare them with the LQR’s.The
mathematical dynamical model of the Unmanned Surface
Vessel as well as the controllers have been developed in
Matlab Simulink for simulation.
The simple LQR controller gains was computed by the
lqr function of MATLAB, and the appropriate Q and R
matrices were calculated by trial and error approach. The
resulting gain is: K=[-316.2 -411.8 -265.4].
The step response of two controllers are compared and
presented in Fig. 6. Dotted black line is the input, dashed
red line is LQR response and Solid blue line is FuzzyLQR response. A noticeable decrease in overshoot is seen
in Fuzzy-LQR controller and the settling time decreased
in Fuzzy-LQR procedure. Also the oscillating nature of
LQR response in completely removed in Fuzzy-LQR
response. Clearly the Fuzzy-LQR controller shows better
results than simple tuned LQR.
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combine the best features of fuzzy control and that of
the optimal LQR.
Various simulations based on the Matlab
Simulink, were performed to test and compare the
LQR and Fuzzy-LQR controllers. The weighting
matrices of LQR are calculated by trial and error
approach to achieve the best performance.
The designed Fuzzy-LQR adjusts the feedback
gains based on rule-base which get error and error
rate as input. Performance of Designed Fuzzy-LQR
controller is superior to LQR. It tracks the desired
path rapidly and more precisely than conventional
controllers. Therefore the designed USV model and
controller will be useful for advanced real embedded
platform.

Fig. 4. Step response of USV

For the tracking problem we inserted the sine wave as
input and the responses of controllers are shown in Fig. 7.
. Dotted black line is the input, dashed red line is LQR
response and Solid blue line is Fuzzy-LQR response.
Obviously the Fuzzy-LQR controller tracked the input
displacement better, and this controller tracks the desired
path more rapidly.
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Fig. 5. Tracking response for USV

V.
CONCLUSIONS
In this paper we first derived the low speed
nonlinear planar model of a vessel. Since the vessel’s
nonlinearities and the variations in environmental
forces, the conventional controllers show poor
performance. We investigate a new procedure to
overcome this problem.
Linear Quadratic Regulator (LQR) is modern
linear control that is suitable for multivariable state
feedback and is known to yield good performance for
linear systems. The fuzzy control is known to have
the ability to deal with nonlinearities without having
to use advanced mathematics.
By blending these two controllers, a Fuzzy-LQR
controller for the Heading control of an USV has
been designed. The main idea is to design a
supervisory fuzzy controller capable to adjust the
closed loop controller feedback gains in order to
obtain the desired Heading (Yaw angle) under
variations of the USV parameters and environmental
variations. The motivation behind this scheme is to
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Abstract—The studies in UAV modeling and control have been
increased rapidly recently. This paper presents the modeling and
control of a four rotor vertical take-off and landing (VTOL)
unmanned air vehicle known as quadrotor aircraft. The modeling
of the quadrotor will be described by using Euler-Newton
equations. In order to stable the quadrotor and control the attitude
of that, classical PID controller and a fuzzy system that adjusts the
PID controller gains, have been designed. Although fuzzy control of
various dynamical systems has been presented in literature,
application of this technology to quadrotor helicopter control is
quite new. A quadrotor has nonlinear characteristics where
classical control methods are not adequate for stabilize that. On the
other hand, fuzzy control is nonlinear and it is thus suitable for
nonlinear system control. Matlab Simulink has been used to test,
analyze and compare the performance of the controllers in
simulations. This study showed that although, both of the classical
PID and the fuzzy self-tuning PID controllers, can control the
system properly, the second controller performed better than the
classical PID controller.

quadrotor using Euler-Newton method and worked on vision
based stabilization and output tracking control [8]. Suter et al.
also studied on image based visual servo control for quadrotors
[9]. Dunfied et al. created a neural networks controller for a
quadrotor [10]. Earl et al. used a Kalman filter to estimate the
attitude of a quadrotor [11]. Lee et al. presented feedback
linearization vs. adaptive sliding mode control for a quadrotor
helicopter [12]. Bora et al. used a hybrid fuzzy logic controller
for a quadrotor [13]. Astha et al. presented a fuzzy logic
controller for a quadrotor and compared it to conventional PID
controller [14].
The fuzzy logic control is an active field in last couple of
decades, and it has been implemented on various dynamical
systems [15-19]. The fuzzy logic has also been implemented in
helicopter control [20-22]. In more recent papers [23,24], the
researcher used a fuzzy controller for the altitude and hovering
control of an unmanned helicopter. Although fuzzy control of
dynamical systems has seen presented extensively in literature,
application of this to quadrotor helicopter control is quite new.
Although the quadrotor has the advantages in easy
mechanical construction against the traditional helicopter, but
there are still issues that prevent it from being widely used in
many of the suggested fields and application. For example, the
stabilizing control and guidance of the quadrotor is a difficult
task because of the nonlinear dynamic behavior. Conventional
control methods use linear theory that is suitable for linear
systems only. Fuzzy control is nonlinear and it is thus suitable
for nonlinear system control.
This paper will be presented a fuzzy system for control the
quadrotor. Additionally, detailed model of the quadrotor is given.
The performances of the fuzzy controllers are compared to
classical PID controllers using Matlab simulations.
The paper is structured as followings: In section 2 the
mathematical model of the quadrotor is described. The
controllers are presented in section 3. The simulations supporting
the objectives of the paper are presented in section 4.concluding
remarks are presented in section 5.

Key words—Quadrotor, Fuzzy control, Modeling, Attitude control,
PID controller, MATLAB / Simulink .

I. INTRODUCTION
unmanned aerial vehicles (UAV) has attracted a great amount
of attention among scientists over the last decades, due to, the
widespread area of applications, e.g. near-area surveillance, crop
dusting firefighting, exploration both in military and commercial
in- and outdoor applications, and so on.
Helicopter design has been the center of attention since the
beginning of the 20th century. First full-scale four rotor helicopter
(quadrotor) was built by Debothezat in 1921 [1]. Other examples
are Breguet Richet helicopter, Oemnichen helicopter,
Convertawings Model A and Curtis Wright VZ-7 [2,3]. At those
early times due to the lacking control and sensing technologies, it
was not possible to build an UAV. Advances in sensors, control
technology and electronics enable the possibility of UAVs.
Currently, there are various commercial and experimental UAVs
of various sizes available, and many more autonomous
unmanned VTOL vehicles are being developed at universities,
research centers, and by hobbists [4-7].
The studies in quadrotor UAV modeling and control have
been increased rapidly recently. A number of examples of these
studies can be summarized as following; Altuğ et al. modeled a

II. MATHEMATICAL MODEL OF THE QUADROTOR
Generally, the quadrotor can be modeled with a four rotors in
cross configuration. The throttle movement is provided by
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̈
( ̈)
̈

increasing (or decreasing) all the rotor speeds by the same
amount. It leads a vertical force u1 (N) with respect to body-fixed
frame which raises or lowers the quadrotor.
The roll movement is provided by increasing (or decreasing)
the left rotor's speed and at the same time decreasing (or
increasing) the right rotor's speed. The pitch movement is
provided by a same way but with other two motors. The front
and rear motors rotate counter-clockwise while other two motors
rotate clockwise, so yaw command is derived by increasing (or
decreasing) counter-clockwise motors speed and at the same time
decreasing (or increasing) clockwise motor speeds.

( )

(3)

( )

With inertia matrix
(which is diagonal matrix with the
inertias
and
on the main diagonal), the rotor inertia ,
the vector
that describes the torque applied to the vehicle's
body and the vector
of the gyroscopic torques we obtain a
second set of differential equations:
̈

( ̇

The vector

̇)

(4)

is defined as:
)

(

(5)

The four rotational velocities
of the rotors are the input
variables of the real vehicle, but with regard to the obtained
model a transformation of the input is suitable. Therefore, the
artificial input variables can be defined as follows:
(6)
(7)
(8)
(9)
Fig. 1. Configuration, inertial and body fixed frame [25].

Where
(6) denotes the thrust force applied to the
quadrotor airframe;
denotes the force which leads to the roll
torque;
for the pitch torque and
for the yaw torque.
However, also the gyroscopic torques depend on the
rotational velocities of the rotors and hence on the vector
of the transformed input variables. We
assume that:

In order to model the quadrotor dynamics, two frames have to
be defined as showed in fig. 1. The orientation of the quadrotor is
given by the three Euler angles, which are roll angle , pitch
angle and yaw angle .
These three Euler angles form the vector
. The
position of the vehicle in the inertial frame is given by the vector
. The transformation of vectors from the body fixed
frame to the inertial frame is given by the rotation matrix R
where
for example denotes
and
denotes
.
(

(10)
And then evaluation of (4) and (5) yields the overall dynamic
model in the following form:

)

(11)
̈

∑

∑

(12)
̈

The thrust force generated by rotor
is
⁄ is the
, where
is the thrust factor and
rotational speed of rotor . Then the thrust force applied to the
airframe from the four rotors is given by

(13)
̈
̈
̈

(2)
̈

Now the first set of differential equation that describes the
acceleration of the quadrotor can be written as:

̇ ̇(

)

̇ ̇(

)

̇ ̇(

)

̇
̇

(14)
(15)
(16)

Equations (11) to (16) represent the full mathematical model
of the quadrotor.
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makes use of the fuzzy controller rules to modify PID gains online. The self-tuning the PID controller refers to finding the
fuzzy relationship between the three gains of PID, , and
and "e" and "ed", and according to the principle of fuzzy control
modifying the three gains in order to meet different requirements
for control gains when "e" and "ed" are different and making the
control object produce a good dynamic and static performance.
For selecting the language variables of "e" and "ed", is choose
seven fuzzy values (NB, NM, NS, ZO, PS, PM, PB) which NB
denotes Negative Big, NM denotes Negative Medium, Negative
Small (NS) , Zero (ZO) , Positive Small (PS), Positive Medium
(PM) and PB denotes Positive Big, and for the outputs we are
choose seven fuzzy values (VVS, VS, S, M, B, VB, VVB) which
VVS denotes Very Very Small, Very Small (VS), Small (S),
Medium (M), Big (B), Very Big (VB) and VVB denotes Very
Very Big.
The fig. 2 shows the block diagram of a fuzzy self-tuning PID
controller. As it can be seen from the block diagram, the fuzzy
system takes two inputs (e and ed) and gives three outputs ( ,
,
) (Fig. 3). This block diagram just shows control of one
degree of freedom of a quadrotor and we are used two other
controllers like this controller for attitude control of quadrotor.
The membership functions of the all inputs and outputs have
been chosen identical. Fig. 4 shows these membership functions.
This membership functions are combined of triangular and
Gaussian. The width of the fuzzy sets used for controllers are not
same and they have been determined by trial and error
experience. The width of the fuzzy sets for output, , have been
chosen [0.2 0.7], , have been chosen [0.001 0.01] and for
,
[0.1 0.15]. And for inputs, the range for the error have been
chosen [-1 1] and for error rate have been chosen
[-10 10]
and if these inputs put out of these ranges we are used a
saturation for put those in the range.
The set of linguistic rules is the essential part of a fuzzy
controller. In many cases it is easy to translate an expert's
experience into these rules and any number of such rules can be
created to define the actions of the controller. In some other
cases this rules can come from some trial and error approaches.
Table.1 and Table.2 shows the fuzzy rules for tuning the PID
gains.

III. ATTITUDE CONTROL ALGORITHM DESIGN
In this section two controllers for the stabilization of the
quadrotor will be presented; the proportional Integral Derivative
(PID) controller, and a fuzzy system that tunes the PID gains.
As mentioned before the inputs chose like equations (6) to (9).
Where
controls the motion along the z-axis,
controls
rotation along the x-axis (roll angle),
controls the rotation
along the y-axis (pitch angle) and controls rotation along the
z-axis (yaw angle). The designed controllers should set values to
parameters which determines the four rotor speed parameters
by (6) to (9).
A. Classical PID controller
Due to their simple structure and robust performance,
proportional-integral-derivative (PID) controllers are the most
commonly used controllers in industrial process control. The
equation of a PID controller has the following form:
(17)
∫
Where
,
and
are called the propositional, integral and
derivative gains, respectively.
For adjusting the controller parameters the Ziegler-Nichols
method will be used and response of the system with this
adjusting will be showed in the result section.
B. Fuzzy System for Tuning the PID Gains
The success of the PID controller depends on an appropriate
choice of the PID gains. Tuning the PID gains to optimize
performance is not a trivial task. In practice, the PID gains are
usually tuned by experienced human experts based on some "rule
of thumb". In the next we will first determine a set of tuning
rules (fuzzy IF-THEN rules) for the PID gains, and then combine
these rules into a fuzzy system that is used to adjust the PID
gains on-line [15].
A fuzzy PID controller takes the classical PID controller as
the foundation which uses the fuzzy reasoning and variable
universe of discourse to regulate the PID gains. The
characteristics of a fuzzy system such as robustness and
adaptability can be successfully incorporated into the controlling
method for better tuning of PID gains.
The term self-tuning refers to the characteristics of the
controller to tune its controlling parameters on-line automatically
so as to have the most suitable values of those gains which result
in optimization of the process output. Fuzzy self-tuning PID
controller works on the control rules design on the basis of
theoretical and experience analysis. Therefore, it can tune the
gains
,
and
by adjusting the other controlling
parameters and factors on-line. This, in result makes the
precision of overall control higher and hence gives a better
performance than the classical PID controller or a simple fuzzy
PID controller without self-tuning ability.
The self-tuning fuzzy PID controller, which takes error "e"
and rate of change-in-error "ed" as the input to the controller

Fig. 2. Basic structure of plant whit controller
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convert these fuzzy outputs to numbers that can represent the
fuzzy output. The control signal should be continuous, any
variation in input should not produce big changes in output
signal. The defuzzification algorithm should be clear and the
process to determine the output signal should be identified
clearly. Also, the defuzzification should be logical, should have
high membership degree and it should correspond to the
approximately middle of the graph. For the reason discussed
above we have selected center average defuzzifier for the
controllers.
IV. RESULTS AND SIMULATION STUDY

Fig. 3. Basic structure of a fuzzy controller

The mathematical dynamical model of the quadrotor vehicle
as well as the controllers have been developed in Matlab
Simulink for simulation. The goal of this analysis is to test how
well the controllers can stabilize the quadrotor. We are supposed
the quadrotor starts with 6 (rad) pitch, 3 (rad) roll and -2 (rad)
yaw angle in the hovering mode. The quadrotor is commanded to
change these angles to zero and stable itself. Both of the
controllers are run on these two scenarios and the results are
compared.
For adjusting classical PID controller gains we are used
Ziegler-Nichols method. Due to this method we are choose
for the PID gains.
And by using the fuzzy system for tuning the PID gains, the PID
gains change along the simulation that you can see results of this
changing in Fig. 5, for example changing the PID gains in roll
angle.
The results of two methods for three Euler angles are showed
in Fig. 6 to Fig. 8. In Fig. 6 you can see response of the
quadrotor for the roll angle, Fig. 7 shows the response for the
pitch angle and Fig. 8 shows response of the quadrotor for the
yaw angle. Additionally figures show differences between two
methods, classical PID controller and fuzzy PID controller.
From the figures clearly can be understand that by using the
fuzzy system for tuning the PID gains the performances
improved. Overshoot in three Euler angles is less than classical
PID gains. The setting time of three angles by using the fuzzy
system, obviously decreased. In the yaw angle there is no big
different between two methods but in it the overshoot decreased.
In two other angles you can see big different between classical
PID controller and fuzzy PID controller.

Fig.4. Membership functions for the all inputs and outputs

ERROR RATE

Table 1 Fuzzy rules for

NB
NM
NS
Zo
PS
PM
PB

NB
M
B
VB
VVB
VB
B
M

NM
S
M
B
VB
B
M
S

and

ERROR
NS
ZO
VS VVS
S
VS
M
S
B
M
M
S
S
VS
VS VVS

PS
VS
S
M
B
M
S
VS

PM
S
M
B
VB
B
M
S

PB
M
B
VB
VVB
VB
B
M

ERROR RATE

Table 2 Fuzzy rules for

NB
NM
NS
Zo
PS
PM
PB

NB
M
S
VS
VVS
VS
S
M

NM
B
M
S
VS
S
M
B

ERROR
NS
ZO
VB VVB
B
VB
M
B
S
M
M
B
B
VB
VB VVB

PS
VB
B
M
S
M
B
VB

PM
B
M
S
VS
S
M
B

PB
M
S
VS
VVS
VS
S
M

The rules presented at Tables. 1 and 2 can be read as follows:
For example, IF the error is NB and the error rate is PS THEN
is VB and
is VB and
is VS. The output of the fuzzy
system logic is fuzzy.
We cannot provide these fuzzy outputs to a dynamical system
as control inputs directly. Defuzzification process is needed to
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supervisory controller for tuning the PID gains and attached this
controller to the classical PID controller. We used three sets of
these controllers for control of the quadrotor's three Euler angles.
Various simulations based on the Matlab Simulink, were
performed to test and compare the two control algorithms. When
comparing these two types of controller we should note that the
selection of the membership functions and the rules of the fuzzy
controller are based on the experience of the designer and
furthermore using a few trial and error approach.
The dependence of the fuzzy controller on the quadrotor
model is much less than the classical controllers used. The fuzzy
controller is nonlinear and it is thus more suitable for nonlinear
system control. The control performances of the fuzzy PID
controller was greatly better than the classical PID controller as
you can see in the result section. The biggest advantages of the
fuzzy PID controller is eliminating overshoots than the big
overshoots in the classical PID controller and the other one is
smaller setting time than the classical PID controller.
Our future studies will implement this control methods to the
real quadrotor and develop some other control methods to the
quadrotor both in simulation and experiment and will compare
this control methods and will select the best controller in the real
experiment tests.

Fig. 5. Changing the PID gains along the simulation for roll angle

Fig. 6. The roll angle control of the quadrotor using classical PID (solid line) and
fuzzy PID (dashed line) controllers

APPENDIX
Some constant's values which used in the simulation of the
quadrotor are showed in Table. 3. This constant's values selected
from a real quadrotor in laboratory of mechatronic in the

Fig. 7. The pitch angle control of the quadrotor using classical PID (solid line)
and fuzzy PID (dashed line) controllers

TABLE 3 TABLE OF CONSTANTS

Symbol
𝜑
𝜃
𝜓
𝑚
𝑙
𝐼𝑥
𝐼𝑦

Fig. 8. The yaw angle control of the quadrotor using classical PID (solid line) and
fuzzy PID (dashed line) controllers

𝐼𝑧
𝑏
𝑑
𝐼𝑅

V. CONCLUSION
In this paper, modelling , a classical PID controller and a
fuzzy supervisory controller for tuning the PID controller gains
has been presented. Although fuzzy control of dynamical system
has been presented extensively in literature, application of this
technology to quadrotor control is quite new. In the first step we
modeled the quadrotor with Euler-Newton equations. In the next
we used a classical PID controller to attitude control of the
quadrotor. For first time we used Ziegler-Nichols method for
adjusting the PID gains and after that introduced a fuzzy

Description and unit
Roll angle (rad)
Pitch angle (rad)
Yaw angle (rad)
Mass of the quadrotor (Kg)
Center of quadrotor to center of propeller
distance (m)
Body moment of inertia around the x-axis
(𝑁𝑚𝑠 )
Body moment of inertia around the y-axis
(𝑁𝑚𝑠 )
Body moment of inertia around the z-axis
(𝑁𝑚𝑠 )
Thrust factor
Drag factor
Rotor inertia (𝑁𝑚𝑠 )

value
_
_
_
1.25
0.2
0.002353
0.002353
0.004706
9

6
7
5

University of Tehran.
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In this work, we propose to implement the WT for bearing
faults diagnosis. It is evaluated using the vibration
measurements obtained from accelerometer sensors. The main
goal of this technique is to obtain more detailed information
contained in the measured data.

Abstract—Fault diagnosis is useful for ensuring the safe
running of machines. Vibration analysis is one of the most
important techniques for fault diagnosis of rotating machinery;
as the vibration signal carries the dynamic information of the
system. Many signal analysis methods are able to extract useful
information from vibration data. In the present work, we are
interested to the vibration signal analysis by the wavelet
transform. The monitoring results indicate that the wavelet
transform can diagnose the abnormal change in the measured
data.
Keywords—fault diagnosis; vibration
machinery; monitoring; wavelet transform

I.

analysis;

The remainder of this paper is organized as follows. Section
2 presents system and bearing faults descriptions. Signal
processing techniques and monitoring results are presented and
discussed in section 3. Finally, Section 4 concludes our
contributions.

rotating

II.

EXPERIMENTAL SETUP AND DATA ACQUISITION

The experimental measurements presented in this paper are
entirely based on the vibration data obtained from the Case
Western Reserve University Bearing Data Centre [7]. As
shown in Fig. 1, the motor is connected to a dynamometer and
torque sensor by a self-aligning coupling. The data were
collected from an accelerometer mounted on the motor
housing at the drive end of the motor. Data was obtained from
the experimental system under the four different operating
conditions: (1) normal condition; (2) with inner race fault; (3)
with outer race fault; and (4) with ball fault. The data is
sampled at a rate of 12 kHz and the duration of each vibration
signal was 10 seconds. More details about experimental setup
were reported in [7].

INTRODUCTION

Fault diagnosis is extremely important task in process
monitoring. It provides operators with the process operation
information. Early diagnosis of process faults like bearing
faults can help avoid abnormal event progression and reduce
productivity loss. Various monitoring techniques have been
developed, such as dynamics, vibration, tribology and nondestructive techniques [1], [2], [3].
The vibration signal analysis is one of the most important
methods used for fault diagnosis, because it always carries the
dynamic information of the system. Vibrations caused by
defective bearing elements account for the vast majority of
problems with rotating machinery. Each element such as inner
race or outer race has a characteristic rotational frequency.
With a fault on a particular element, an increase in the
vibration energy at this element rotational frequency may
occur. The monitoring of these elements has a primary
importance for the correct operation of the machine.

Torque transducer

(a)

Induction
motor

Effective utilization of the vibration signals, however,
depends upon the effectiveness of the applied signal
processing techniques. A wide variety of techniques have been
introduced to monitor vibration signals such as: time domain
and frequency domain [4], [5], [6]. Unfortunately, they are not
able to reveal the inherent information of non-stationary
signals. These methods provide only a limited performance for
machinery diagnostics. In order to solve this problem, Wavelet
Transform (WT); also called time-frequency analysis, has
been proposed. WT is a kind of variable window technology,
which uses a time interval to analyze the frequency
components of the signal.

Load
Motor

Accelerometer
position

(b)

Accelerometer
on housing

Drive end
bearing

Induction motor

Fan end

Fig. 1.

85

Load

Drive end

(a) Bearing test rig and (b) its schematic description [8].
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The bearings used in this study are deep groove ball
bearings manufactured by SKF. Faults were introduced to the
test bearings using electro-discharge machining method. The
defect diameters of the three faults were the same: 0.018,
0.036, and 0.053 mm. The motor speed during the
experimental tests is 1797–1720 rpm. Each bearing was tested
under the four different loads: 0, 1, 2, and 3 horse power (hp).

where, fr is the rotational frequency, d the ball diameter, D the
pitch diameter, n the number of balls and α the contact angle.
The fault frequencies of inner race and outer race are,
respectively, calculated 162 and 107 Hz.
III.

In order to predict any anomalies that may occur under
different measurement conditions, some cases require simply a
calculation or statement of an indicator followed by a
comparison with a threshold. Others require a more detailed
analysis by signal processing techniques. We present in this
section some signal processing methods appropriate for fault
detection and diagnosis.

In order to evaluate the proposed method, the data
measured under 0-load (0 hp) at rotation speed of 1797 rpm
including the faults on the inner and outer races were used.
The original data were divided into segments of samples that
each sample covered 4096 data points.
Figs. 2a, 2b and 2c represent respectively a vibration signal
collected at 1797 rpm (30 Hz) from the normal state, inner race
fault and outer race fault.

A. Temporal Analysis
The first possible observation of a vibration signal is the
temporal representation. Several parameters or indicators are
evaluated from the temporal signal, such as peak value, peak
to peak value, root mean square value, kurtosis, and crest
factor [4]. The computed indicator can give some interesting
information about the process faults.

Amplitude (m/s2)

0.4
0.2
0
-0.2

The condition monitoring using these indicators is referred
to the overall vibration level. To illustrate this method, we use
the kurtosis as an indicator of bearing faults detection. The
computed values are: 2.76 in normal state, 7.44 with inner race
fault and 21 with outer race fault.
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These parameters are simple to implement. However, the
computed parameter allows to track the machine states, but it
does not establish a diagnosis. The monitoring by these
indicators represents only a security policy.

2
0
-2

With the rapid development of signal processing
techniques, it became possible to extract useful information
from the vibration data.
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FAULT DIAGNOSIS METHODS

B. Spectral Analysis
The characteristic frequencies of the bearing elements are
proportional to the rotational frequency. The spectral analysis
allows to identify the different frequencies of the original
signal s(t). To obtain the spectrum S(w) of s(t), we apply the
Fourier Transform (FT):

0
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0.1

0.2
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(c)
Fig. 2.
Vibration signals of: a) normal state, b) inner race fault and c)
outer race fault.
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where, w is the frequency.
The vibration signal of the bearing with inner race fault in
frequency domain is shown in Fig. 3. Obviously, it is difficult
to extract the fault information i.e. the characteristic fault
frequency is not clear from the frequency spectrum. As
illustrated in Fig. 3, the dominant frequency component is
2880Hz, which was attributed to the resonance frequency.

The fault frequency can be calculated from the geometry
of the bearing and element rotational speed. Frequencies
associated with defective inner and outer races are as follows:




S ( w )   s( t )e iwt dt 

The identification and the monitoring of the bearing faults
using the spectral analysis are difficult, due to the nonstationary. In order to make a correct diagnosis, it is useful to
push investigations using more appropriate techniques.
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(a) Envelope of inner race fault and (b) its spectrum.
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The process can be followed by taking the absolute value
of analytic signal to generate the envelope:
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The analytical signal ŝ( t ) of signal s(t) can be constituted
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C. Envelope Analysis
Envelope analysis is especially suitable for fault diagnosis
inducing periodic shocks or amplitude modulations such as
gears and bearings. It is the method of extracting the
modulating signal from an amplitude-modulated signal.
Envelope analysis consists in filtering the vibration signal by a
band-pass filter. The resulting signal is then processed by the
Hilbert Transform (HT) in order to obtain the envelope and its
spectrum. For a given signal s(t), the HT in time domain is
defined as [9]:
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Fig. 3.
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Generally, the faults generating shocks cause a modulation
of the signal. Using envelope analysis, the peak present in the
envelope spectrum corresponds to the characteristic frequency
of the fault.

30 Hz

400

107 Hz

300
200

214 Hz

100
0
0

To identify the nature of the anomalies using this
technique, we use the vibration signals of inner and outer
races. Figs. 4b and 5b show the characteristic frequencies of
the two races. The filter is selected according to the resonance
frequencies. After filtering the signals in the bandwidth [24003200] Hz, the envelope spectrum presents many frequency
components, at the rotation frequency, also at the
characteristic frequency and its harmonics, which could be
related to inner and outer races bearing faults.

200

(b)
Fig. 5.

(a) Envelope of outer race fault and (b) its spectrum.

The envelope method is robust to noise ratio; due to
filtering around the resonance frequency. It is beneficial for
the identification of the bearing faults. However, this method
has its drawbacks: the preliminary research of the resonance
frequencies is required. To extract the fault information, the
wavelet transform will be applied to the vibration signals.
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D. Wavelet Transform
WT is one of the most important methods in signal
analysis. It is particularly suitable for non-stationary measures.
WT is a time-frequency analysis technique. Due to its strong
capability in time and frequency domain, it is applied recently
by many researchers in rotating machinery [10], [11], [12].

0.3
Amplitude (m/s2)

107 Hz

WT is described below: let s(t) be the original signal; the
WT of s(t) is defined as:




WT ( a , b )  1

a







s( t ) 

t  b  a  dt 

(shift) parameters, respectively. The factor 1
ensure energy preservation.



( t )  1

Fig. 7.
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In the present study, the identification of the bearing faults
is possible by using the Morlet wavelet; it is also called
continuous wavelet transform. It can be seen from Fig. 6 and 7
that the peaks at the rotation frequency of the shaft (30 Hz),
also at the characteristic frequencies of the inner race fault and
outer race fault and their multiples are present in the frequency
spectrum.
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The selection of the appropriate wavelet is very important
in signals analysis. There are many types of wavelets available
can be used such as Haar, Daubechies, Meyer, and Morlet
wavelet. Different wavelets serve different purposes.

Abstract— On-line vibration monitoring of Rotary Machines
is a fundamental axis of development and industrial research. Its
purpose is to provide knowledge about the working condition of
machines at each moment without stopping the production line.
This method allows avoiding the production losses related to
breakdowns and reducing overall maintenance costs.
Bearing fault diagnosis is important in vibration monitoring
of any rotating machine. Early fault detection in machineries can
save millions of dollars in emergency maintenance cost.
This paper presents the comparison results of Fault diagnosis
Techniques of gear fault using two methods: Envelope Detection
(ED) and Wavelet Transform (WT) using Morlet Wavelet the
comparative study is applied to real vibratory signals.

This paper presents the comparison results of Fault
diagnosis Techniques of gear fault using two methods:
Envelope Detection (ED) and Wavelet Transform (WT) using
Morlet Wavelet ,the comparative study is applied to real
vibratory signals
The paper is organized as follows. The next section
presents the proposed Fault Detection Techniques for gear fault
diagnosis. Presentations of the experimental test rig and gear
fault description are proposed in Section 3. The monitoring
results are discussed in Section 4, with a comparison between
the monitoring capabilities of WT (Morlet) and Envelope
Detection (ED). Finally, the concluding remarks are given in
section 5.

Keywords— Vibration Analysis; Fault diagnosis; Wavelet
Transform (WT); Envelope Detection (ED);

I.

INTRODUCTION

The condition monitoring is a fundamental axis of
development and industrial research. Its purpose is to provide
knowledge about the working condition of systems at each
moment without stopping the production line. The monitoring
allows avoiding the production losses related to breakdowns
and reducing overall maintenance costs [1] [2]. Different
methods are used in industry for condition monitoring: acoustic
measurements, vibration measurements and, temperature
measurements and wear debris analysis. Among these,
vibration measurements are extensively used in the condition
monitoring and diagnostics of the rotating machinery [3].

II.

FAULT DETECTION TECHNIQUES

A. Wavelet Transform (WT)
Wavelet Transform (WT) is a relatively new signal
processing tool with strong capability in time and frequency
domain analysis. It describes a signal by using the correlation
with translation and dilatation of a function called mother
wavelet. The WT includes Continuous Wavelet Transform
(CWT) and Discrete Wavelet Transform (DWT).
The CWT of a given signal s(t) is defined by [8], [11], [12]

In order to obtain useful information from vibration
measurements and provide aid in early detection and diagnosis
of faults there are many signal analysis techniques like Fourier
Transform (FT), Short Time Fourier Transform (STFT) [4][5], Wigner-Ville Distribution (WVD), Envelope Detection
(ED) [9], and Wavelet Transform (WT) [7]-[8], [10]. The most
of these methods use spectral analysis based on FT, therefore,
these methods present some limitations; it is the inability of FT
to detect non-stationary signals [10]. This inability makes
wavelet transform an alternative for machinery fault diagnosis.
The WT can be continuous or discrete. The Continuous
Wavelet Transform (CWT) reveals more details about a signal
but its computational time is enormous. For most applications,
however, the goal of signal processing is to represent the signal
efficiently with fewer parameters and less computation time.
The Discrete Wavelet Transform (DWT) often called multiresolution analysis can satisfy these requirements



1

CWT (a,b) 

 s( t )ψ

a

*

(



tb
)dt
a

(1)

Where, ψ*(t) is the conjugate function of the mother wavelet
ψ(t). The terms a and b are the dilation and translation
parameters, respectively [8], [11].
The DWT is derived from the discretization of CWT (a, b).
It is given by
DWT ( j, k) 

1
2j





s(t)ψ* (



t 2j k
2j

) dt

Where, a and b are replaced by 2 j and 2 j k [8].
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The Discrete Wavelet Transform (DWT), often called
Multi-resolution analysis [13], consists of the introduction of
the signal to be analyzed into low-pass and high-pass filters.
At this level, two vectors will be obtained. The vector
elements Aj are called approximation coefficients; they
correspond to the lowest frequency signal, while the vector
elements Dj are called detail coefficients; they are
corresponding to the highest of them. The procedure can be
repeated with the elements of the vector and successively with
each new vector obtained. The decomposition process can be
repeated j times, with j the maximum number of levels. The
wavelet transforms acts as a Mathematical microscope in
which one can observe different paths of the signal by
adjusting the focus [14]. The maximum number of
decomposition level depends on the number of data points
taken [15]. The principle of multi-resolution analysis is shown
in Figure 1, and the detail D1 in the range of 1–2 kHz. In the
same figure, the procedure is repeated from A1 to A4 (four
levels) [15], [17], [18].

The envelope of the signal is defined as [25], [26].

t  xt2  xt2

(5)

The process of the envelope detection is involved from
three main steps; The First step is signal filtering with a bandpass filter, the next step is the envelope extraction of band-pass
filtered signal using the Hilbert transform, the final step is the
extraction of frequency spectrum of the envelope signal using
the Fast Fourier Transform (FFT) [25].
III.

EXPERIMENTAL STUDY

A. System Description
The experiments presented in this paper used the
vibration data obtained from a test rig located at Iron and steel
applied research unit URASM/CSC, Annaba, Algeria. This test
rig is shown schematically in Fig.2.It permits to introduce the
principal faults existing and to acquire measurements relating
to these various faults.
It consists of two gears 1 and 2 (1 with 60 teeth and the
other with 48 teeth), four bearing housings (H1, H2, H3 and
H4), coupling and disk. The system is driven by a 0.18 kW
induction motor controlled by variable speed drive (0-1500
rpm).
The multi-channel system of acquisition OR25 permits
the registration of the vibratory signal according to time and to
frequency. The configuration of the multi-channel system is
needed before to start the acquisition.
The piezoelectric accelerometers were attached in two
directions for measurement of vibration. The signal is
transmitted to a transducer pre-amplifier. The output of the preamplifier signal is transmitted according to time and to
frequency using the FT analyzer of OR25. These instruments
will give the necessary information about the rotating machine
conditions.

Figure 1. Principle of Multi-resolution Analysis

B. Envelope Detection
The envelope detection or amplitude demodulation is an
important signal processing technique enabling the extraction
of the modulating signal from an amplitude modulated signal
[19], [20], [21]. In the present work, Hilbert Transform is used
to extract the envelope. Hilbert Transform in time domain, for
a given signal x(t), is given by.

1

x t  





x  

 t   d

(3)



It is defined as the convolution of the signal x(t) with
function 1/πt, which is the impulse response function of the
Hilbert Transformer. The phase shifted and original signals are
summed up to obtain an analytic signal x+(t) defined as follows
[22], [23], [24].

x t   xt   jx t 

Figure 2. The test-bed to simulate the fault of gear

(4)
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B. Fault gear Characteristic Frequencies .
The purpose of gears is to transmit and transform rotary
motion from one shaft to another. The vibration monitored on a
faulty gear generally exhibits a significant level of vibration at
the tooth. Gear Meshing Frequency GMF (i.e. the number of
teeth on a gear multiplied by its rotational speed) and its
harmonics of which the distance is equal to the rotational speed
of each wheel as shown in Fig.4 [10].

IV.

RESULTS AND DISCUSSIONS

These measurements were repeated for different states of
the system at the frequencies; 17.5Hzand 25Hz in VD and HD,
respectively.
The number of data points or samples for each signal is
2048.
In the two cases; normal and faulty, the vibration signals
are collected at a speeds of 1050 rpm (17.5Hz) and 1500 rpm
(25Hz).
Fig.6 represents the time domain vibration signals of
normal state (Fig.6a to Fig.6d) and vibration signals of gear
fault (Fig.6e to Fig.6h) in VD and HD.

Figure 3. Frequency spectrum of gear fault
In our experiment, the gear fault is produced mainly by the
shock between the teeth of the two gears 1 and 2. The GMF is
defined as [10]

FGMF  f1 N R1  f 2 N R 2

(6)

Where f1 is equal to motor and shaft 1 frequency. As shown in
Fig.5, the vibration signals of gear fault were taken on bearing
housing H1 of the shaft1 through piezoelectric accelerometers
mounted in Horizontal and Vertical Directions (HD and VD).

Figure 4. Location of piezoelectric accelerometers
1-Gears
2- Piezoelectric accelerometers type 288D01 in HD
3- Piezoelectric accelerometers type 353B34 in VD
4-Bearing housing H1

Figure 5.Vibration signals of normal and fault states at two
rotation speeds (17.5Hz and 25Hz)
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The Fig.6 represents the spectrums of gear fault using
Envelope Detection (ED) at 17.5Hz , 25Hz and in HD and
VD..

The Fig.7 represents the spectrums of gear fault using WT
(Morlet ) at 17.5Hz , 25Hz and in HD and VD.

Figure6. Spectrums of gear fault using Envelope Detection at
17.5Hz and 25Hz speeds

Figure 7. Spectrums of gear fault by (WT) using Morlet
wavelet at 17.5Hz and 25Hz speeds

From Fig.6, it was observed the presence of significant
peaks at the rotation frequencies of the shaft1 (17.5Hz and
25Hz) and its multiples, both in HD (Fig.6a, Fig.6b) and VD
(Fig.6c, Fig.6d) which indicates a gear fault.

From the Fig.7, it is clearly shown that the peaks at the
rotation frequencies of the shaft1 17.5 and 25 Hz in HD
(Fig.7a, Fig.7b) and VD (Fig.7c, Fig.7d) and their multiples are
present in the frequency spectrum which confirms the presence
of a gear fault.
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It remains to test its feasibility on other types of faults in
rotating machinery.

For a better appreciation of the performance of the best
method, we have presented in Fig.8 a comparison of the peaks
of gear fault at the rotation frequencies of the shaft1 17.5 and
25 Hz in HD and VD for different methods ED and WT
(Morlet).

REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Figure 8.Peaks Comparison of Gear Fault for different
Techniques

[10]

From the comparison of the results shown above, we can note
that:

[11]

Spectrums of a gear fault obtained by WT (Morlet)
wavelet shows small increase in peaks amplitude at the rotation
frequencies in HD and VD and its harmonics, which make
difficult the identification of gear faults.

[12]

[13]

Spectrums of a gear fault obtained by using ED shows
a considerable increase in peaks amplitude at the rotation
frequencies in HD and VD and its harmonics, which enhances
the gear fault identification relatively to WT.

[14]

V. CONCLUSION

[15]

This paper presents the comparison results of Fault
diagnosis Techniques of gear fault
using two methods:
Envelope Detection (ED) and Wavelet Transform (WT) using
Morlet Wavelet, it is evident that both the methods of are
effective to identify gear defect, but Envelope Detection (ED)
gives excellent results relatively to the Wavelet Transform
(WT) using Morlet Wavelet in this case when the gear fault
is produced mainly by the shock between the teeth of the two
gears

[16]

[17]

[18]

93

R. A. Gasch “survey of the dynamic Behavior of a Simple Rotating
Shaft with a Transverse Crack”, journal of Sound and Vibration,
Vol. 160, pp. 313–332, 1993.
R. Isermann, “Supervision, Fault detection and Fault-Diagnosis methods
- An Introduction”, Control Eng. Practice, Vol. 5, pp. 639–652, May
1997.
A.W. Lees and M.I. Friswell, “The Evaluation of Rotor Unbalance in
Flexibly Mounted Machines” , Journal of Sound and Vibration, Vol.
208, pp. 671-683, 1997.
K. Shibata, A. Takahashi, T. Shirai, “Fault diagnosis of rotating
machinery through visualization of
sound signal”, Journal of
Mechanical Systems and Signal Processing, Vol. 14, pp. 229241, 2000.
S. Seker, E. Ayaz, “A study on condition monitoring for induction
motors under the accelerated aging processes”,IEEE Power Engineering
Review, Vol. 22, pp. 35-37, July 2002.
N. Baydar, A. Ball, “A comparative study of acoustic and vibration
signals in detection of gear failures using Wigner-Ville distribution”,
Mechanical Systems and Signal Processing, Vol. 15, pp. 1091-1107,
November 2001.
Z. K. Peng, F. L. Chu, “Application of the wavelet transform in machine
condition monitoring and fault diagnostics: a review with bibliography”,
Mechanical Systems and Signal processing, Vol. 18, pp. 199-221,
March 2004.
H. Bendjama, S. Bouhouche, M. S. Boucherit, M. Mansour, “vibration
signal analysis using wavelet-pca-nn technique for fault diagnosis in
rotating machinery”, The Mediterranean Journal of Measurement and
Control, Vol. 6, pp. 145-154, 2010.
I. Cozorici, I. Vadan and H. Balan “Condition based monitoring and
diagnosis of rotating electrical machines bearings using FFT and wavelet
analysis” Acta Electrotehnica, Vol. 53, pp. 350-354, 2012.
H. Bendjama, S. Bouhouche, and M.S. Boucherit, “Application of
Wavelet Transform for Fault Diagnosis in Rotating Machinery”,
International Journal of Machine Learning and Computing, Vol. 2, pp.
82-87, February 2012.
K. S. Gaeid and H. W. Ping, “Wavelet fault diagnosis and tolerant of
induction motor”, International Journal of the Physical Sciences, Vol 6,
pp. 358-376, February 2011
J. C. Cexus, “Analyse des signaux non-stationnaires parTransformation
de Huang, Opérateur de Teager-Kaiser, et Transformation de HuangTeager (THT),” Thèse de Doctorat, Université de Rennes-France, 2005.
A. Djebala ,N. Ouelaa ,C. Benchaabane ,D.F. Laefer,“Application of the
Wavelet Multi-resolution Analysis and Hilbert transform for the
prediction of gear tooth defects”, Journal of Meccanica, Vol. 47, pp.
1601–1612, October 2012
S. G. Mallat, “A theory for multiresolution signal decomposition: the
wavelet representation”, IEEE Transactions on Pattern Analysis and
Machine Intelligence, Vol. 11, pp. 674-693, July 1989.
S. Lesecq, S. Gentil, I. Fagarasan,“Fault Isolation Based On Wavelet
Transform ”, journal of Control Engineering And Applied Informatics
Vol. 9 , pp. 51-58, 2007
Ł. Jedliński, “Multi-channel registered data denoising using wavelet
transform”, Eksploatacja i Niezawodnosc – Maintenance and Reliability,
Vol 14, pp. 145-149, 2012.
J. Chebil, G. Noel, M. Mesbah, M. Deriche ,“ Wavelet Decomposition
for the Detection and Diagnosis of Faults in Rolling Element Bearings”,
Jordan Journal of Mechanical and Industrial Engineering, Vol. 3, pp.
260-267 , December 2009
J. Slavic, A. Brkovic, M. Boltezar, “Typical Bearing-Fault Rating Using
Force Measurements: Application to Real Data” Journal of Vibration
and Control, vol. 17, pp. 2164-2174, août 2011.

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

[19] H. Wang and P. Chen “Fault Diagnosis Method Based on Kurtosis Wave
and Information Divergence for Rolling Element Bearings”, WSEAS
Transactions on Systems, Vol. 8, pp. 155-1165, October 2009,.
[20] E. Ebrahimi, “Vibration analysis for fault diagnosis of rolling element
bearings”, Journal of American Science , Vol. 8, pp. 331-336, 2012
[21] S. M. Lee and Y. S. Choi, “Fault diagnosis of partial rub and looseness
in rotating machinery using Hilbert-Huang transform”, Journal of
MechanicalScience and Technology, Vol 22, pp. 2151-2162,
November 2008.
[22] S.Singh Kohli, N.Makwana, N.Mishra, B Sagar,“ Hilbert Transform
Based Adaptive ECG R-Peak Detection Technique”, International
Journal of Electrical and Computer Engineering (IJECE), Vol. 2, pp.
639~643, October 2012
[23] Y. Su,“ Ship Power Quality Detection based on Improved Hilbert-Huang
Transform”, journal of computers, vol. 7, pp 1990-1997 august 2012
[24] E. Mendel, T. W. Rauber, F. M. Varejao, and R. J. Batista, “Rolling
element bearing fault diagnosis in rotating machines of oil extraction
rigs”, 17th European Signal Processing Conference (EUSIPCO 2009),
Glasgow, Scoltand, August 24-28, 2009, pp. 1602-1606, August 2009.
[25] M. Lokesha, M.C. Majumder, K.P. Ramachandran, K.F.A. Raheem,
“Fault diagnosis in gear using wavelet envelope power spectrum”,
International Journal of Engineering, Science and Technology (IJEST),
Vol 3, pp. 156-167, 2011.

94

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

Adaptive Neuro-Fuzzy control of an unmanned
bicycle
A. Shafiekhani1, M. J. Mahjoob2, and M. Roozegar3
Center for Mechatronics and Automation, School of Mechanical Engineering
College of engineering, University of Tehran
Tehran, Iran
1
shafiekhani@ut.ac.ir, 2mmahjoob@ut.ac.ir, 3mroozegar@ut.ac.ir
Abstract— In this work, an adaptive critic-based neuro-fuzzy
is presented for an unmanned bicycle. The only information
available for the critic agent is the system feedback which is
interpreted as the last action the controller has performed in the
previous state. The signal produced by the critic agent is used
alongside the back propagation of error algorithm to tune online
conclusion parts of the fuzzy inference rules. Stability and roll
angle tracking controls for an unmanned bicycle are presented.
The effectiveness of the control schemes is proved by simulation
results.

dynamic programming. The proposed controller was
optimized by gradient descent Algorithm which shows
satisfactory transient responses, disturbance rejection and
robustness to model uncertainty.
II. PROBLEM STATEMENT
A. Bicycle Model
The mechanical model of the bicycle consists of four rigid
bodies, viz. the rear frame with the rider rigidly attached to it,
the front frame being the front fork and handle bar assembly
and the two knife-edge wheels. These bodies are
interconnected by revolute hinges at the steering head between
the rear frame and the front frame and at the two wheel hubs.
In the reference configuration, all bodies are symmetric
relative to the bicycle mid plane. The contact between the stiff
non-slipping wheels and the flat level surface is modeled by
holonomic constraints in the normal direction and by nonholonomic constraints in the longitudinal and lateral direction.
There is no friction, apart from the idealized friction between
the non-slipping wheels and the surface, with propulsion and
rider control. In the reference position, the global Cartesian
coordinate system is located at the rear-wheel contact point O,
where the x-axis points in the longitudinal direction of the
bicycle and the z-axis is directed downwards. Fig.1 shows the
directions of the axes, where the terminology used mainly
follows the SAE recommended practice as described in the
report SAE-J607e [SAE, 2001], last revised in 1976.
The mechanical model of the bicycle has three degrees of
freedom: the roll angle φ of the rear frame, the steering angle
δ, and the rotation θr of the rear wheel with respect to the rear
frame. The angles are defined as follows. The orientation of
the rear frame with respect to the global reference frame O–
xyz is given by a sequence of three angular rotations: a yaw
rotation, ψ, about the z–axis, a roll rotation, φ, about the
rotated x– axis, and a pitch rotation, θ, about the rotated y–
axis.
The steering angle δ is the rotation of the front frame with
respect to the rear frame about the steering axis. The four
kinematic coordinates are taken here as the Cartesian
coordinates x and y of the rear-wheel contact point, the yaw
angle ψ of the rear frame, and the rotation θf of the front wheel
with respect to the front frame.
The dimensions and mechanical properties of the
benchmark model are presented in Table 1. The system is

Keywords— Adaptive Neuro-fuzzy controller, unmanned
bicycle, Stability, Roll angle tracking.

I. INTRODUCTION
There are several reasons which show the importance of
unmanned bicycle Stabilization, firstly, the bicycle has very
complicated dynamic and nonlinear differential equation with
non-holonomic constrain conditions, so it is great to examine
the controller efficiency for the similar problems which have
the same degree of complexity. Secondly, it’s useful for
rehabilitating with bicycle simulator devices which help
crippled people. Lastly, it can be used in bicycle robots and
stabilize it to track a path.
Modeling and control of bicycles became a popular topic
for researchers in the late half of the last century. During the
early of 20th century, several authors studied the problems of
self-stabilization, balancing, and steering.
Yamakita et al. utilized an input-output linearization
method to design a trajectory tracking controller for an
automatic bicycle [1] and [2].
H. D. Sharna et al. introduced an intelligent controller for
stabilizing an autonomous bicycle system. The controller was
developed by using fuzzy logic approach which the rule set
was designed
by using of the inherent-characteristic
relationship of lean and steer present in a bicycle [3]. C. K.
Chen and T.S Doa presented a steady turning and roll angle
tracking control for unmanned bicycle with fuzzy controller
by fixed parameters and rules [4]. Later they designed a
Genetic fuzzy control for path tracking of an autonomous
bicycle which optimized the membership function parameters
with Genetic Algorithm (GA) [5].
A. Fakhrazari and M Boroushaki presented an adaptive
critic-based neuro-fuzzy controller for the steam generator
water level [6]. The paper focused on fuzzy critic-based
learning and its reinforcement learning method is based on
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“damping” matrix, the constant stiffness matrix and the
stiffness matrix which is proportional to the square of the
forward speed froms:

symmetric about the vertical longitudinal plane and the wheels
are rotationally symmetric about their axles. The mass
moments of inertia are given at the centre of mass of the
individual bodies and along the global xyz-axes.

80.812 2.323
M 

 2.323 0.301

33.774
 0
,C 1  

0.848
1.707 


 794.119 25.739
0 76.406
K0 
,K2 


8.139 
 25.739
0 2.675 

(2)

(3)

Table 1 Parameters for the benchmark bicycle
Parameter
Wheel base
Trail
Head angle
Gravity
Forward speed

Value
1.02 m
0.08 m
arctan(3)
9.81 N/kg
Variable m/s

Rear wheel
Radius
0.3 m
Mass
2 kg
Mass moments of inertia
(0.06,0.12,0.06) kgm2
Rear frame
Position centre of mass
(0.3,0,-0.9) m
Mass
85 kg
Fig. 1. Bicycle model together with the cordinate system, the degrees of
freedom and the parameters.

9.2 0 2.4
 0 11 0  kg.m 2


 2.4 0 2.8

Mass moments of inertia
Front frame
Position centre of mass
Mass

B. Linearized Equations of Motion
The equations of motion are obtained by pencil-and-paper
using D’Alembert’s principle and linear and angular
momentum balances. They are expressed in terms of small
changes in the degrees of freedom φ, the rear frame roll angle,
and δ, the steering angle, from the upright straight ahead

Mass moments of inertia

(0.9,0,-0.7) m
4 kg

0 162 
 546
 0
600
0  *104 kg.m 2


114 
 162 0

Front Wheel
Radius
0.35 m
Mass
3 kg
Mass moments of inertia
(0.14,0.28,0.14) kgm2

configuration φ0 = 0, δ0 = 0, at a forward speed of v  R  r .
The linearized equations of motion for the bicycle
expressed in the degrees of freedom qd=(φ,δ)T have the form:
Mq d  C 1.v q d  K 0  K 2 .v 2  q d  f d
(1)
With a constant mass matrix, M, a “damping” matrix C1. v
which is linear in the forward speed, and a stiffness matrix
which is the sum of a constant part, K0, and a part, K2.v2,
which is quadratic in the forward speed. The linearized
equation of motion for the third degree of freedom, the
rotation θr of the rear wheel, is decoupled from the first two
(1) and takes on the very simple form of:  r  0 . This means

III. ADAPTIVE CRITIC-BASED NEUROFUZZY
CONTROLLER
A. Neuro-fuzzy Networks
In this subsection, the principles of fuzzy systems are
introduced and then an equivalent architecture that
incorporates fuzzy system concept into an adaptive neural
network concept, is obtained, hence the name neurofuzzy.

that the forward speed remains constant for small changes in
the upright configuration. The forces on the right hand side,
fd, are the applied forces which are energetically dual to the
degrees of freedom qd. For the bicycle model the first is Mφ,
the action-reaction roll moment between the fixed space and
the rear frame. In practice such a torque could be applied by
side wind, or by a parent teaching a child to ride. The second
is Mδ, the action-reaction steering moment between the rear
frame and the front frame. This is the torque that would be
applied by a rider’s hands, a steering spring damper, or a
controller.
Substitution of the parameter values from Table 1 results in
the following values for the entries in the mass matrix, the

In general, a fuzzy system comprises a fuzzification unit, a
fuzzy rule base, an inference engine and a defuzzification unit.
The fuzzy system can be viewed as performing a real (nonn
fuzzy) and nonlinear mapping from an input vector X  R ,
to an output vector y  f (X )  R (n and m are input and
output vector dimensions, respectively). The interfaces
between real world and fuzzy world are a fuzzifier and a
defuzzifier; the former maps real inputs to their corresponding
fuzzy sets and the latter performs in the opposite way to map
from fuzzy sets of output variables to the corresponding real
outputs. There are two types of fuzzy systems that are
commonly used; Takagi-Sugeno-Kang (TSK) and fuzzy
m
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systems with fuzzifier and defuzzifier. In this work, we used
the first type. The fuzzy rule base consists of fuzzy rules,
which use linguistic If-Then sentences to describe the
relationship between inputs and outputs.

Implementing a fuzzy inference system in the framework of
an adaptive neural network results in a six layer network in
which each layer serves as one part of the equivalent fuzzy
system. Fig. 2 shows a sample neuro-fuzzy system equivalent
with a two-input and one-output TSK fuzzy inference system
which has two linguistic labels for each input and therefore
four rules in its rule base.

Consider a Multiple-Input Single-Output (MISO) fuzzy
system consisting of N rules as follows:
Rj: If (x1 is Fj1) and … and (xn is Fjn) Then cj=gj(X)

The first layer nodes specified by I, assign input scaling
factors in order to map inputs to [-1,+1] range. Each node in
the second layer denoted by M specifies the degree to which
the given input satisfies the linguistic label, thus calculating
μFji(xi). Third layer nodes denoted by T, multiply the incoming
signals and constitute the antecedent parts of fuzzy rules,
μF1(x1)...μFn(xn) (multiplication implies choosing the productoperator for the t-norm operator). Each node in the forth layer
specified by N, calculates the ratio of corresponding firing
strength to the sum of all rules firing strengths, hence the term
μj/∑μj. The function of nodes in the fifth layer is performing a
linear combination on inputs and adding a constant value, thus
calculating the corresponding rule’s consequent part cj. T-S
labels on Fig. 2 refer to TSK rules. The coefficients of these
linear combinations and that of constant value will be adapted
during the learning stage. Finally, in the last layer, acting as
the defuzzifier, the output is obtained and is according to (5).

Where j=1,2,…,N; xi(i=1,2..,n) are the input variables of
the fuzzy system, Fji is characterized by its corresponding
membership function μFji(xi), cj is the consequence of the jth
rule.

Fig. 2. A sample neurofuzzy structure equivalent with a MISO TSK fuzzy
inference system

The antecedent fuzzy set (fuzzy Cartesian product) of each
rule F1  F2  Fn , is quantified by the -norm operator
which may be defined as (4), the min-operator or the product
operator:

min [ F 1 (x 1 ),, Fn (x n )]

F 1Fn  x 1 ,, x n   
or
  ( x )  ( x )
F1
1
Fn
n


Fig. 3. Structure of adaptive critic-based neurofuzzy controller(ACNFC)

(4)

B. The Controller Structure
The critic agent assesses the controller performance through
evaluation of plant output and provides appropriate
reinforcement signal. The signal produced, contributes
collaboratively for updating parameters of the neuro-fuzzy
controller.
Let define the error function E as

The defuzzification is performed using (5), where μj is the
firing strength of the antecedent part of the jth rule and is
given by (6)

 c
X  
 
N

y f

j 1 j
N
j 1

F 1 (x 1 )Fn (x n )

j

1
E  r2
2

(5)

j

The goal of the learning procedure is minimization of E, so
the tunable parameters should be updated in the opposite
direction of E (  is the gradient operator). This can be
stated as follows:

(6)

In TSK fuzzy systems, the consequent part of rules is given
by (7)

  

n

c j  a0 j  aij .x i

(8)

E


(9)

where ω is the tunable parameter of the neuro-fuzzy
controller. Equation (9) is in fact the steepest decent law.
Applying the chain rule for calculating the relative derivative
of (9) we have:

(7)

i 1

Where a0j and aijs are the coefficients that should be set at
design stage or tuned during the corresponding learning
procedure.

E E r u

 
 r u 
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where u is the control signal.
Let define the reinforcement signal as a linear combination

has three linguistic variables, i.e., Negative (N), Zero (Z) and
Positive (P) thus includes nine rules in its rule base. The
membership function of the linguistic variable, Z, is chosen as
the Gaussian function and that of linguistic variables N and P
are chosen as the Sigmoid function. The membership
functions of the linguistic variables are shown in Fig. 5.

of error e=yref-y, and derivative of error e as in (9), where yref
and y are the reference and actual outputs of the plant under
control, respectively.

r  k 1.e  k 2 .e

(11)

MF for e

Where k1 and k2 are positive constants.
Applying the chain rule and using (9) we can write

E
y
u
 r  (k 1  ) 

u 

(12)

0.8

(13)

0.6
e

 y
y
  u  (1 k 1 )  u




r r y  r e




u y u  e y

1

In (13), the term ∂y/∂u is the gradient of the system and shows
the long term variations of the plant output to the control
signal. As in most cases, the system is designed in such a way
that this variation is a positive constant.
Using (9) and (13), adaptation rule of the tunable parameter
will be as follows:

u
    r 


0.4
Zero
Posetive
Negetive

0.2

0
-15

(14)

-10

-5

0

5

10

15

e (deg)

Where η>0 is the learning rate parameter which embeds the
proportionality constant of (9) as well as the constant values of
(13).

Fig. 5. The membership function of the corresponding linguistic variables

As the neuro-fuzzy controller has error and derivative of
error of the roll angle as inputs and there are nine rules in the
fuzzy rule base, using (15) and ignoring bias term ( ) the
parameters of the neuro-fuzzy controller will be updated as
follows:

c j  a1 j .e  a2 j .e

Fig. 4. Structure of ACNFC for bicycle

a1 j    r  e 

j 1

a2 j    r  e 

 
j 1

aij    r  x i 

j

j

 

(17)

N

j 1

j

 

(19)

j

, j  1,2,,9

N

(20)

j

IV. SIMULATION RESULTS
In this section, we will present simulation results of the
proposed adaptive critic-based neuro-fuzzy controller.
As the bicycle is unstable at low velocities, the main goal is
to obtain a controller which stabilize bicycle at low velocities.
With that in mind, for comparing the neuro-fuzzy controller
performance the PD controller was introduced due to neurofuzzy inputs (error and error rate) and it was tuned for v=1m/s.
the performance of bicycle and controllers for initial condition
(initial roll angle is about 6 deg) without any external
disturbances were depicted in Fig.6 which shows the neurofuzzy controller needs less control effort than PD controller.

(16)

N

, j  1,2,..,9

N

Where η=0.001

j

j

 
j 1

Hence, in according to (14) the update rules for the
parameters of the neuro-fuzzy controller will be given as (16)
and (17)

a0 j    r 

j
j 1

For the neuro-fuzzy controller introduced in the previous
subsection, the control signal using (5) and (7) has the form as
in (15)
N
n
(a0 j   i 1aij .x i )  j

j 1
u
(15)
N

 

(18)

j

C. Controller design for the bicycle
Structure of the adaptive critic-based neuro-fuzzy controller
(ACNFC) used for the stability control of the bicycle is shown
in Fig. 4.
The neuro-fuzzy controller element of ACNFC, see Fig. 2,
uses roll angle error (eφ) and its derivative ( ) as inputs and
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follow a given path because that makes the vehicle fall down.
In this study, a control scheme is proposed to control the
steering angle indirectly by changing its roll-angle. So for path
planing we need roll angle tracking.
Fig. 8 shows a simulation in which the bicycle is controlled
to follow a desired sinusoidal roll angle φ(t)=10sin(0.5t). The
result indicates the effectiveness of the neurofuzzy for
controlling the unmanned bicycle to follow a time-varying roll
angle. as shown in Fig.8 initial roll angle of bicycle is about 6 0
which is comes to desired roll angle less than 2 seconds.

v=1 m/s
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1
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Fig. 6. Initial Response of Bicycle at v=1m/s a) Roll angle, b) Steer angle and
c) control effort
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V. CONCLUSIONS
In this study, a linearized dynamic model of an unmanned
bicycle has been considered. According to this mathematical
model, the neuro-fuzzy and PD controllers have been designed
to stabilize the bicycle in its straight running motion and roll
angle tracking of a sinusoidal path.
In comparison of PD controller, the Neuro-Fuzzy controller
had better performance and robustness and it followed a
desired roll angle much better than PD.

5

0.5

2

Fig. 8. Roll angle Tracking Performance of PD and Neurofuzzy Controller

Neurof uzzy

0

0

-5

According to use linearized equation of motion which is
true only for constant speed, the performance of designed
controller should be checked for different velocities. Fig.7
compare robustness of neuro-fuzzy and PD controller. The PD
Controller which was tuned at 1m/s velocity is used for
stabilizing bicycle at 5m/s velocity. From Fig.7 robustness of
neuro-fuzzy is obvious.
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Moravec and Elfes [11] proposed an approximate cellular
decomposition model, where the workspace is decomposed
into cells with the same size and shape. Arkin and Hassin [12]
proposed an approach based on covering salesman problem.
Hert et al. [7] and Jung [14] describes an algorithm for
nonpolygonal region. Choset and Pignon [13] describes an
offline coverage algorithm for polygonal region which
performs line sweep decomposition called boustrophedon
decomposition and creates a sequence of subregions using a
heuristic Traveling Salesman algorithm. A survey of papers on
coverage for robotics can be found in [15]. Yang and Luo [16]
presents a neural network approach for coverage with obstacle
avoidance. Fang and Anstee [17] decomposes the surveyable
area into subareas using an approximation to the generalized
Voronoi diagram and calculate the sub-area paths to obtain a
mission plan. Works that address the optimal coverage have
also been published extensively. For example, Arkin et al. [18]
shows that coverage problems that minimize the number of
turns executed and the travel distance on planar rectilinear
regions are NP complete in general. Gabriely and Rimon [19]
considers the problem of covering a continuous planar area by
a square-shaped tool attached to a mobile robot. Jinemez [20]
presents a coverage planning based on genetic algorithms.
Unfortunately, these optimal coverage algorithms that allow
frequent turning motions inside the cells cannot be used in the
underwater coverage mission using sidescan sonar, because the
data obtained from the sidescan sonar is useful only in a
straight line motion.

Abstract—A coverage problem for a floor cleaning robot is
studied where the coverage region consists of polygonal cells, and
line sweep motion is used for coverage. Since curved paths or
making turns inside the coverage area can lead to uncovered
region, it is desirable to employ line sweep cleaning path. This
work studies the optimal line sweep coverage where the sweep
paths of the cells consist of straight lines and no turn is allowed
inside the cell. An optimal line sweep coverage solution is
presented when the line sweep path is parallel to an edge of the
cell boundary. The total time to complete the coverage task is
minimized. The optimal sequence of cell visits is computed in
addition to the optimal line sweep paths and the optimal cell
decomposition.
Keywords—line sweep motion; optimal coverage; group
traveling salesman problem; floor cleaning robot

I.

INTRODUCTION

The floor cleaning robot is being used more frequently as
its price is lowered to an affordable price range. Since the floor
cleaning robot is often operated by battery power, it is crucial
to find the optimal cleaning path that uses the minimum energy
or minimum time. The coverage problem in the field of
robotics is the problem of moving a sensor or a cleaning tool
over a given region. It has been utilized in floor cleaning [1-2],
lawn mowing [3], mine hunting [4], automated harvesters [5],
and window cleaners [6]. Subsea application of the coverage
problem includes autonomous underwater coverage [7], mine
detection and classification in mine countermeasure tasks [8-9].

Of the approaches to coverage planning, line sweep based
coverage algorithm such as the boustrophedon cellular
decomposition ([13], [21]) is the most closely related with the
line sweep based coverage. Huang [10] uses the boustrophedon
approach to achieve the optimal coverage. Huang’s approach
seeks to minimize the number of turns required to cover all
cells to minimize the mission time. Huang shows that the
optimal line sweep decomposition must use a sweep path that
is parallel to an edge of the cell boundary, and computes the
optimal cell decomposition of the coverage region and the
optimal sweep directions of the cells. Choi [27] proposed the
optimal underwater coverage for autonomous underwater
vehicles when the sweep path of a cell is parallel to an edge of
the cell boundary. The total time to complete the coverage task
is minimized which is the sum of the sweep times of the cells
and the travel times between the cells. This work extends
Choi’s work to the floor cleaning robot.

This work addresses the coverage problem that arises in
floor cleaning applications, and focuses on the offline
algorithms that computes an optimal line sweep path for planar
coverage. This work is inspired by the applications in which
the robot must travel in a straight line, such as in the floor
cleaning. Since curved paths or making turns inside the
coverage area can lead to uncovered region, it is desirable to
employ line sweep cleaning path, and the coverage algorithms
that allow frequent turning maneuvers inside the cells cannot
be used. This work builds upon [10] and [27] which computes
the optimal sweep direction of cells and the optimal cell
decomposition for the coverage region consisting of polygonal
cells.
Extensive research works have been published on the topic
of robotic coverage in a known environment. For example,
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decomposition resulting in the minimum mission time is
selected as the optimal cell decomposition of the coverage
region and the corresponding sweep path as the optimal sweep
path. The procedure for the step 1 is described in the rest of this
section, while the step 2 is illustrated in Section III.

This paper is organized as follows. In Section II, the
formulation of the optimal coverage problem as a Group TSP
problem and its solution procedures are described for a given
cell decomposition. The optimal line sweep path and the cell
visit sequence for a given cell decomposition is computed. In
Section III, the optimal line sweep path, the cell visit sequence
and the optimal cell decomposition of the coverage region is
computed. In Section IV, the proposed solution procedure is
applied to a cell configuration example.

Problem1: Compute the optimal line sweep path when a
cell decomposition consisting of polygonal cells is given and
each cell is swept individually. Objective cost is the sum of cell
sweep times and travel times between cells

(a) Definition of entry point and sweep unit vector

Fig.1. Cell configuration model example

II.

MINIMUM TIME LINE SWEEP PATH PROBLEM
FORMULATED AS A GROUP TSP

A. Entry point and Exit point of a cell
The coverage region consisting of four cells and an island
shown in Fig.1 is used to illustrate the algorithm. The sweep
path that covers each cell is composed of a sequence of parallel
straight lines. The robot executes a back and forth line sweep
motion within each cell. This work considers the case where
the line sweep path inside each cell is parallel to an edge of the
cell boundary. Each cell is covered in a single continuous
sweep as shown in Fig.2(b), in a series of non-overlapping
adjacent strips of equal width except for the last strip of the cell
as shown by the shaded triangular region.

(b) Definition of exit point and an example of line sweep
Fig.2. Entry point, exit point and an example of cell sweep

The solution procedure is illustrated using the cell
decomposition shown in Fig.1. In order to compute the travel
time between cells, the concepts of entry point and exit point of
a cell are introduced. Let the vertices of the cell k with Qk
vertices be denoted as vm, m=1,…, Qk. Sweep path of a cell
begins near a vertex of the polygon. There exist two possible
direction vectors for the sweep path originating from each
vertex, and the initial sweep paths are located inside the
polygon boundary by one half of the sweep width as shown in
Fig.2(a). The intersection of the two possible sweep paths is
defined as the entry point of the vertex, and the entry points of
cell k with Qk vertices are denoted as kei, i=1,…,Qk. Let the
edge of the cell boundary to which the sweep path is adjacent
and parallel be called a reference edge. In Fig.2(b), the
reference edge is the line segment v1-v2. Let the unit sweep
direction vector be called sweep unit vector and the two
possible sweep unit vectors for the i-th entry point of cell k, k ei ,
be denoted as k ui ,1 and k ui , 2 . Sweep motion is defined as a pair

The cell configuration model of the coverage region in
Fig.1 can result in a number of cell decompositions, varying
from a decomposition consisting of four individual cells as
shown in Fig.1 to a decomposition consisting of a single cell
with all four cells merged together. This work differentiates the
two optimal line sweep paths: 1) the optimal line sweep path of
a given cell decomposition and 2) the optimal line sweep path
of the coverage region. The former is computed when each cell
is swept individually. The latter is computed from all possible
cell decompositions that can result from merging the cells in
the cell configuration. A two step approach is used to solve the
optimal line sweep coverage problem. In step 1, the optimal
line sweep path of a given cell decomposition is computed.
Objective cost is the total coverage time which is the sum of
cell sweep times and travel times between cells. In step 2, the
optimal line sweep path of the coverage region is computed.
Since merging cells into a larger cell can result in a shorter
mission time, all possible cell merge possibilities, i.e. all
possible cell decompositions, are investigated. The coverage
time and the optimal sweep path of each cell decomposition is
computed using the solution procedure in step 1. The cell

of an entry point and a sweep unit vector such that the set of
sweep motions for cell k can be written as { k sn , n=1, …, 2Qk}
= {( k ei , k ui , j ), i=1,…,Qk and j=1,2}. The sweep path moves
towards the vertex that is farthest from the reference edge. The
farthest vertex in the example of Fig.2(b) is v4. A sweep motion,
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k

graph by replacing the cell k of the connection graph with a
group of sweep motions { k s1 , k s2 , …, k s2Q } of the cell k as

sn , thus completely describes a sweep of a cell by specifying

the entry point and the sweep unit vector. A cell with Qk
vertices needs to be covered with only one of 2Qk possible
sweep motions. The intersection of the sweep path of the last
strip and the cell boundary is defined as an exit point, as shown
in Fig.2(b). Let us assume that the next cell to sweep is cell m.
After the sweep of cell k, robot travels from the exit point of
cell k to an entry point of cell m.

k

shown in Fig.3(b). The sweep motions are the nodes of the
coverage graph. This reflects the fact that visiting one of the
sweep motions in the group for a cell is equivalent to visiting
the cell. A directed edge from cell i to cell j in the connection
graph is replaced by all possible directed edges from the sweep
motions for cell i to the sweep motions for cell j in the
coverage graph. The edge cost from node k si to node m s j is
defined to be the sum of the sweep cost of cell k with the
sweep motion k si , and the travel cost from the exit point of cell
k to the entry point of m s j arriving with the vehicle heading
direction aligned with the sweep unit vector of

m

s j . By

m

definition, the edge cost from node k si to node s j includes
the sweep cost of cell k but does not include the sweep cost of
cell m, and thus is not equal to the reverse edge cost, i.e. the
edge cost from node m s j to node k si .The coverage graph is
(a) Connection graph

thus a directed graph. Edges between the nodes in the same
group are not allowed since visiting two nodes in the same
group would mean sweeping the same cell twice. For ease of
readability, two directed edges between a pair of nodes are
drawn as a single undirected edge in Fig.3(b). For example, the
undirected edge from 1s1 to 2 s1 in fact represents two directed
edges: a directed edge from 1s1 to 2 s1 and a directed edge from
2
s1 to 1 s1 . Also, the edges between nodes of cell 1 and nodes of
cell 3, and the edges between nodes of cell 2 and nodes of cell
4 must be present but are not shown in Fig.3(b) for ease of
readability.
Let the number of cells be denoted as M, and the groups of
nodes Gi corresponding to cell i be written as Gi = { i s1 , i s2 , …,
i
s2Q }. Let V denote a set of all nodes of Gi, i = 1, …, M , such
i

that

(b) Coverage graph

V = { 1 s1 , 1 s2 , …, 1 s2Q , 2 s1 , 2 s2 , …, 2 s2Q , …,

Fig.3. For ease of readability, two directed edges between a
pair of nodes are drawn as an undirected edge between the
two nodes. The edges between cell 1 and cell 3, and the
edges between cell 2 and cell 4 are not shown in the graph
(b) and (c).

2

1

M

s1 , M s2 , …,

M

s2QM }

The indices of the nodes in V need to be rearranged in a
single sequence of numbers, so the set U is defined using V so
that the elements of U and V are exactly the same, but the
indices of U begins from 1 and ends at N, where N is the total
number of nodes given by N = ∑M 2Qi .

B. Formulation as a Group TSP
Connection graph of the cells is a graph where a node
represents a cell, and a directed edge from cell i to cell j
represents a visit from cell i to cell j. Tour of the cells is often
represented by a connection graph. The connection graph for
the cell model is shown in Fig.3(a), where visits from a cell to
all other cells are possible. In order to deal with the coverage of
the cells in terms of entry points and sweep unit vectors, the
concept of coverage graph is introduced, which is defined to be
a graph where a node represents a sweep motion k si , and a
directed edge from node k si to node m s j represents the

i =1

U= { u1 , u 2 ,  , u N } where u1 =1s1 , u2 =1s2 , … u N = M s2Q

M

The element ui is a node of the coverage graph. The node ui
describes a sweep motion of a cell by specifying the entry point
and the sweep unit vector. The set of node indices belonging to
cell k can be computed as follows.
Ik = {n| ak ≤ n ≤ bk}, where ak = 1+ ∑k −12Qi , bk =
i =1

∑

k

i =1

2Qi

Then, the nodes ui , ak≤i≤bk in the set U belong to cell k.
Let cij denote the edge cost from node ui to node uj representing
the visit from node ui to node uj. All possible visits between the
nodes are included in the coverage graph. Hence, the coverage

combination of the sweep of cell k with the sweep motion k si
and the travel from the exit point of cell k to the entry point of
m
s j . The coverage graph is constructed from the connection
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(J*, X*) = Problem1 (D)

graph represents all combinations of the cell sweep paths
possible from the cell decomposition.
The optimal line sweep path of the given cell
decomposition can now be solved by searching for the optimal
tour of the coverage graph such that the tour passes through all
groups G1, G2, …,GM, passing through only one node in each
group, and return to the starting node. This is a problem
referred to as a group traveling salesman problem (Group TSP).
Since the Group TSP problem is known to be NP-hard ([22]),
and it is an active area of research in algorithm research
community (see for example,[23]), this work does not attempt
to propose a general solution algorithm. Instead, the Group
TSP problem is formulated as a binary integer programming
problem, and the optimal solution is computed. Since the
feasible solution space is well defined in the binary integer
programming, the solution is found by exhaustive searching of
the feasible solution space, and it is shown that in practice, a
problem of a moderate scale can be solved quickly.
C. Solution of Group TSP by exhaustive search of the
coverage graph
The Group TSP is solved by searching the coverage graph.
Let

where the optimal sweep path X*={x*ij} results in the
minimum mission time J * = ∑ cij xij* given the cell
i, j

decomposition D = {Cell 1,Cell 2, …,Cell M}

Fig. 4. Cell configuration model of the coverage region

III.

OPTIMAL CELL DECOMPOSITION OF THE COVERAGE
REGION

cij : cost of the edge from node ui to node uj

In Section II, the optimal line sweep path of the given cell
decomposition and the mission time were computed. Since
merging cells into a larger cell can result in a shorter mission
time, the mission times and the sweep paths of all possible cell
merges, i.e. all cell decompositions, are computed using
Problem1. Huang [10] used merging multiple cells into a single
cell using adjacency graph and dynamic programming. This
paper examines the partitions resulting from the given cell
configuration.

xij : binary integer variable corresponding to the edge
from node ui to node uj
such that
xij = 1 if the edge is included in the tour
xij = 0 if the edge is not included in the tour
Even though the size of the solution space of Group TSP is
extremely large, the size of the feasible solution space of xij is
relatively small, and can be used to solve the Group TSP
problem. Let the set {1,2,3,4} represent the set of group
numbers. The number of sequences by which the groups can be
visited is P(M,M)= M! = 4! = 24, where P(M,M) denotes the
number of M-permutations of a set of M elements. The group
visit sequences in this example are given by 4-permutations of
the set {1,2,3,4}. For each of the group visit sequences, there
are ∏M 2Qi = 8*8*16*6 = 6144 different ways the nodes can

The total number of partitions of an n-element set is given
by the Bell number Bn ([25]) which is defined by
n n
Bn +1 = ∑ k = 0   Bk , B0 = 1, B1 = 1
k 

The first several Bell numbers are B0 = 1, B1 = 1, B2 = 2, B3
= 5, B4 = 15. The list of all partitions, Pi ,i = 1,…,BM, of a set
of M cells can be computed by the script SetPartition.m
obtained from the MATLAB Central webpage ([26]). All
partitions of the set of four cells {1,2,3,4} are given by

i =1

be visited. The total number of node visit sequences in the
coverage graph is thus Ne = 24*6144 = 147,456. The
expression for this number in general is given by
M
N e = M !∏ 2Qi . For each of these node visit sequences, a
i =1

vector Xk={xij} is assigned, so that element xij that has a value
1 implies the corresponding edge is included in the node visit.
Since Xk, k=1,…, Ne is the set of all possible tours of the
coverage graph, the remaining task in solving the Group TSP
problem is to search for the Xk that results in the minimum cost
J in (1). This method requires exhaustive search of Ne=147,456
feasible solution vectors and computationally feasible while
direct application of binary integer programming to Group TSP
problem requires binary search of 21444 vectors.

P1={1,2,3,4},

P2={1,2,3}+{4},

P3={1,2,4}+{3},

P4={1,2}+{3,4},

P5={1,2}+{3}+{4},

P6={1,3,4}+{2},

P7={1,3}+{2,4},

P8={1,3}+{2}+{4},

P9={1,4}+{2,3},

P10={1}+{2,3,4},

P11={1}+{2,3}+{4},

P12={1,4}+{2}+{3},

P13={1}+{2,4}+{3},

P14={1}+{2}+{3,4},

P15={1}+{2}+{3}+{4}.
For example, the partition P2 = {1,2,3} + {4} consists of a
large cell formed by merging cells 1,2 and 3, and a second cell

The Problem 1 is formalized below for the convenience of
future reference.
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which is the cell 4. The partition P1 = {1,2,3,4} consists of a
single cell obtained by merging the four cells 1,2,3 and 4, and
the partition P15 ={1}+{2}+{3} +{4} is the partition consisting
of the four individual cells. The partitions can be used as the
cell decomposition input of Problem1. For each partition Pi, the
optimal mission time J i* and sweep path X i* are computed,
such that ( J i* , X i* ) = Problem1(Pi), i = 1,…, ,BM. The partition
resulting in the minimum mission time is chosen as the optimal
cell decomposition P̂* and the corresponding optimal sweep

number of cell partitions, B6, is 206, and the valid number of
cell partitions was computed to be 52. The minimum time
coverage path for these 52 cell partitions were computed, and
the coverage path with the smallest coverage time of the 52 cell
partition was chosen as the minimum time coverage path of the
coverage area, and shown in Fig. 5. The optimal cell partition
was found to be (1,3,5) + (2,4,6) where the cells 1,3,5 were
merged into a single large cell, and cells 2,4,6 were merged
into a second large cell. The entry points of the merged cells
are marked with a small circle, and the exit points are marked
with a small triangle. The total computation time was 4 hours
and 51 minutes.

*

path is selected as the optimal sweep path X̂ of the coverage
region. The solution algorithm for Problem2 is summarized
below.

The coverage path of the merged cell {1,3,5} begins from
the entry point marked with a small circle at the top left corner,
and ends at the exit point at the lower right. The robot then
moves to the entry point of the merged cell {2,4,6} at the lower
right corner and completes the path at the top left corner. For
comparison, the coverage path where each of the six cells was
cleaned individually without the cell merge is shown in Fig. 6.
It can be seen that the coverage time is reduced by merging the
adjacent cells into a single large cell before
coverage.

*

Problem2: Compute the optimal cell decomposition P̂ and
the optimal sweep path X̂ * of the coverage region when the
cell configuration is given.
Step 1: Compute all possible partitions of the cells,
Pi, i=1,… ,BM.
Step 2: Solve Problem1 using each of the partition Pi as
the cell decomposition input.
( J i* , X i* ) = Problem1(Pi), i = 1,…, BM
Step 3: Find the optimal solution
( Xˆ * , Pˆ * ) = ( X m* , Pm ) such that
m = arg i min{J i* }, i = 1,  , BM

Fig. 6. The minimum time cleaning path of the 6
individual cells.

V.

In this paper, a procedure that computes the minimum time
line sweep path of a given cell decomposition is proposed that
computes the cell sweep sequence in addition to the sweep path
inside the cells. The total time to complete the coverage task is
minimized which is the sum of the travel times between the
cells and the sweep times of the cells. The optimal coverage
problem is formulated as a group traveling salesman problem
(Group TSP) by introducing the concepts of entry point, exit
point, and coverage graph. The Group TSP problem is
converted to a binary integer programming problem, which is
then solved using exhaustive search of the feasible solution
space. The partitions of the cells are examined to compute the
optimal cell decompositions and the optimal line sweep path of
the given coverage region. The proposed solution algorithm is

Fig. 5. The minimum time cleaning path of the coverage
region and the optimal cell partition.

IV.

CONCLUSIONS

SIMULATION RESULT

The cell configuration used in the computation of the
minimum time coverage solution is shown in Fig.4, where the
coverage region consists of six cells and two islands.
MATLAB was used to implement the proposed algorithm on a
computer with Windows 7 on Intel Core i5 CPU, 2.8GHz
machine with 4GB memory. The linear traveling speed of the
robot was 0.5 meter/sec, acceleration and deceleration were 0.5
meter/sec2, and the time for turning was 0.5 sec. Total possible
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applied to a cell configuration example, and it is shown that a
problem of a moderate scale can be solved quickly.
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Abstract—As society ages, it is expected that robots will play
important roles in the context of social welfare and service in
the home and office. These robots must be able to coexist and
cooperate with humans. One of the most important tasks that
these robots may perform is handing over objects to a human.
Many people hand over objects to each other accompanied by
voice greetings; the hand-over motion is one of the embodied
interactions. In the embodied interaction between a human and
a robot, the timing between motions and voices affects motion
characteristics that are preferred by humans. Therefore, in this
paper, we propose a hand-over motion model based on the timing
between the voice utterances and the release motions of humans.
This model generates a motion in which a robot hands over
an object to a human accompanied by a voice greeting. In this
model, a hand-over motion is generated based on the analyses of
human hand-over motions; in particular, the timing between the
voice utterances and the release motions of humans is analyzed.
Then, the model generates the release motion of a robot in
response to a voice utterance from a human. Furthermore, a
hand-over robot system that uses the proposed hand-over motion
model is developed. The effectiveness of the proposed model is
demonstrated by sensory evaluation using the proposed handover robot system.
Keywords—Handshake, Robot-Human System, Embodied Interaction, Human Emotion
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that the embodied rhythms are synchronized by voices and
motions in embodied interactions between a human and a
robot [6]. It has been discussed that in handshake motions
between a human and a robot, the timing between hand
motions and voice greetings is important [7], [8]. The timing
affects motion characteristics that are preferred by humans.
The hand-over motion is similar to the handshake motion as an
approaching motion of hands. Thus, in the hand-over motion
between a human and a robot, a robot should generate a handover motion in which the timing between hand motions and
human voices is considered.
Therefore, in this paper, we propose a hand-over motion
model based on the timing between the voice utterances
and the release motions of humans. This model generates a
motion in which a robot hands over an object to a human
accompanied by a voice greeting. In this model, a hand-over
motion is generated based on the analyses of human hand-over
motions; in particular, the timing between the voice utterances
and the release motions of humans is analyzed. Then, the
model generates the release motion of a robot in response
to a voice utterance from a human. Furthermore, a handover robot system that uses the proposed hand-over motion
model is developed. The effectiveness of the proposed model is
demonstrated by sensory evaluation using the proposed handover robot system.

I NTRODUCTION

As society ages, it is expected that robots will play important roles in the context of social welfare and service in the
home and office [1]. These robots must be able to coexist and
cooperate with humans. One of the most important tasks that
these robots may perform is handing over objects to a human,
and this motion of the robot must be not only physically safe
but also psychologically comfortable.
The hand-over motion as it pertains to human emotions
has been discussed [2], [3], [4], [5], and such research has
proposed models and motion characteristics that are preferred
by humans. These models and motion characteristics are based
on hand-over motions without an accompanying voice greeting. However, in hand-over motions between humans, such
behavior is often accompanied by voice greetings.
Nevertheless, hand-over motion is an embodied interaction.
In human embodied interactions, humans synchronize their
embodied rhythms as an embodied entrainment. It is important
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II.

A NALYSIS OF H UMAN H AND - OVER M OTION

A. Hand-over experiment
Human hand-over motions were measured using a threedimensional motion capture system (VICON). Five reflection
markers (right hand, right wrist, right elbow, right shoulder,
and left shoulder) were attached to the subjects. These positions were measured using ten cameras. The accuracy of this
system was ±1 mm for a sampling rate of 120 Hz.
The experimental setup is shown in Fig.1. In this experiment, the handing side and the receiving side were both
predetermined. The object to be handed over was a cylinder
with a diameter of 40 mm, height of 330 mm, and mass of
630 g. The giver (i.e., the person hand-over the object) and
receiver stood face-to-face at a distance of 1000 mm. For initial
postures, the giver bent his or her elbow naturally to a position
where the object was held upright. The receiver stretched his
or her right arm downward. The giver grasped the lower end of
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the object to be delivered in his or her hand and kept the object
upright throughout the hand-over motion. The experiment was
performed for a hand-over motion accompanied by a voice
greeting. In this motion, the giver started to move his or her
hand at an arbitrary time, and the receiver moved his or her
hand in response to this motion. Each pair handed over the
object 10 times, with the object returned to the giver after each
repetition. The subjects were 30 healthy students (15 pairs)
aged between 20 and 24. All the subjects were right-handed.

Motion time
(s)

Y
X

1000mm
Experimental scenery

B. Angular velocities of human joints
Fig.2 shows an example of the velocity profiles for the
giver when the hand is extended toward the receiver to deliver
the object. The figure shows the rotation velocities of the
elbow and shoulder on the Y- and Z-axes. It can be seen
in the figure that the angular velocity profiles of the elbow
and shoulder form a bell-shaped pattern having one peak.
The average movement time, average maximum velocity, and
average position of maximum velocity at movement time (peak
position) are provided in Table I. The table indicates that the
peak position of the elbow motion is around 50 %. In the
elbow motion, the velocity pattern becomes a symmetrical bellshaped profile. However, the peak positions of the shoulder
motion on the Y- and Z-axes are 39 % and 33 %, respectively.
Therefore, in shoulder motion, there are peak positions in the
first half of the motion.

0.9

1.76

39

Sholder (Z-axis rotation)

0.7

0.28

33

Elbow

0.9

-2.05

48

Fig.4 shows a histogram of the timing between voice
utterances and release motions. The figure shows a histogram
from -0.4 s to 1.2 s. A positive time gap indicates that the
release motion begins after the voice utterance. The timings
were recorded for 10 trials for each of the 30 subject pairs (i.e.,
a total of 300 records). From this figure, it can be seen that
the timings measured for most of the subjects were distributed
around 0.3 s. Many givers released the object from between 0.0
s and 0.6 s after hearing the voice of the receivers. This range
included 75 % or more of the subjects. This result indicates that
the release motion of the giver is performed 0.3 s after hearing
the voice of the receiver in the hand-over motion between
humans.
(KPa)
150

3

Voice of receiver

Angular velocity

50
0
Giver
Receiver
Voice

-150

2
1

-100

0

-0.6

-0.3

Time lag of voice to release
0
Time

0.3

0.6
(s)

-1
-2
-3
0

Fig. 3.
0.2

0.4

0.6

Time
Fig. 2.

Voice of giver

100

Shoulder (Y-axis rotation)
Shoulder (Z-axis rotation)
Elbow

(rad/s)

Maximum angular
Peak position
velocity
(%)
(rad/s)

Sholder (Y-axis rotation)

Pressure

Z

Fig. 1.

M EAN VALUE OF ANGULAR VELOCITY

figure, a release motion is performed after a voice utterance
from the giver side. In the same manner, on the receiver
side, a gripping motion is performed after a voice utterance
from the receiver. In particular, the giver performs the release
motion after the voice utterance of the receiver. From this
result, it is clear that the giver performs the release motion
according to the voice utterance of the receiver. In embodied
interactions, humans synchronize their embodied rhythms by
voice greetings. The hand-over motion is one of the embodied
interactions. Therefore, it is evident that humans synchronize
their embodied rhythms by their voices, and perform hand-over
motions at precise timing.

Pressure sensor

Reflection marker

TABLE I.

0.8

Timings between gripping force and voice utterance

1
(s)

III.

Angular velocity of joint

C. Timing between voice utterance and release motion
Fig.3 shows an example of the pressure of the finger
and the voice utterance of a giver and a receiver. From this
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H AND - OVER M OTION M ODEL

A hand-over motion model is proposed in order to generate
a hand-over motion with humans. The model generates a
motion in which a robot hands over an object to a human
accompanied by a voice greeting. The model involves an
extending motion, a following motion, a switching control,
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80

respectively. The velocity pattern of the minimum jerk model
has a symmetrical bell-shaped profile. Thus, it is difficult to
adjust the peak position for the velocity pattern. Therefore, on
the basis of the minimum jerk model, a bell-shaped velocity
pattern is proposed in which the peak position can be adjusted.
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40

20

V (t) = Vmax

0
-0.4
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0

0.2

0.4

0.6

0.8

1

1.2

16 4
(t − 2 · Tf · t3 + Tf2 · t2 )
Tf4

(2)

Time (s)

Vmax =

Histograms of timings between voice utterance and release motion

A. Generation of hand-over motion
1) Extending motion: When a robot approaches a human, it
is necessary for the robot’s hand to have an acceptable trajectory in which the velocity and acceleration change smoothly.
The minimum jerk model [9], which minimizes equation (1),
can accurately reproduce the point-to-point motion of human
hands. In this equation, (x, y) is the position of a human hand
and Tf is the movement time. In this model, the acceleration
has smooth changes, and the velocity pattern has a symmetrical
bell-shaped profile, as shown in Fig.5. Thus, the preferred
trajectory of the robot is expected to be generated using the
minimum jerk model.

C=

1
2

Z

0

Tf 



2  3 2 
d x
d y
+
dt
dt3
dt3

15
(rf − r0 )
8 · Tf

(3)

The movement time, maximum velocity, and peak position
of the targeted bell-shaped velocity pattern are denoted by
Tmax , Vmax and P , respectively. P is the value of the peak
position when Tmax is normalized to 100 %. First, a minimum
jerk model is generated (Fig.6) in which the movement time
is 2 · Tmax · P , and the maximum velocity is Vmax . The
maximum velocity Vmax is calculated using equation (3).
Second, a minimum jerk model in which the movement time
is 2 · Tmax · (1 − P ), and the maximum velocity is Vmax ,
is generated in the same manner. Finally, the first half of
the sequence of the first minimum jerk model and the latter
half of the sequence of the second minimum jerk model are
combined to achieve the target bell-shaped velocity pattern. In
this bell-shaped velocity pattern, the position, velocity, and
acceleration changes are smooth and the peak position is
adjustable. Therefore, to produce a hand-over motion similar to
that of humans, the rotational motions of the robot’s shoulder
are generated using this bell-shaped velocity pattern.
1.0
0.8
0.6
0.4
0.2
0

3

V(t)/Vmax

and a release motion. The robot trajectory is estimated by considering the extending and following motions. The extending
motion generates the first half of the hand-over motion. The
following motion generates the latter half of the hand-over
motion so that the hand over can be performed at the position
of the hand extended by the human. The switching control
changes from extending to following motions to generate a
smooth hand-over motion. The release motion is performed
according to the voice utterance from the human.

V(t)/Vmax

Fig. 4.

P
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(1)

1-P
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(b) Minimum jerk model which
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(c) Targeting bell-shaped velocity pattern

Fig. 6.
Fig. 5.

0

0.2

Generation of bell-shaped velocity pattern

Velocity pattern of Minimum jerk model

Therefore, in the hand-over motion model, the hand-over
motion of the robot is generated according to the minimum
jerk model. In the minimum jerk model, the robot velocity
V (t) is calculated from the maximum velocity Vmax and the
movement time Tf using equation (2). Vmax is calculated using
equation (3). Here, r0 and rf are the initial and target positions,
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2) Following motion: The extending motion alone does not
allow an object to follow the hand position of the human, so the
hand-over motion cannot be performed at the position of the
hand extended by the human. Therefore, a following motion
that follows the position of the human hand is used along with
the extending motion. The following motion is generated such
that the object arrives at the human hand position.
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(mm)
150

3) Switching Control: Precisely combining the extending
and following motions enables the robot to perform a handover motion at the position of the hand extended by the human.
Depending on the distance by which the human hand moves
and the distance of the object from the human hand, the robot
switches from the extending motion to the following motion.
In the case of this model, movement is mostly due to the
extending motion. In the latter half of the movement, the robot
switches to the following motion to move an object to the
human hand position and to deliver the object to the human
hand. This results in a hand-over motion at the position of the
human hand through a natural extending motion.

Y-Axis

Human
Model

100
50
0

Fig. 8.

200

300
400
X-Axis

500

(mm)

Path of model (X-Y Plane)
(m/s)

4) Release motion: In the hand-over motion of humans,
many humans release an object after hearing a voice utterance
from the receiver. It is evident that humans synchronize their
embodied rhythms by voice. Therefore, in this model, the robot
releases an object after hearing a human voice.

Human
Model

Velocity

0.6
0.4
0.2

B. Motion generated using proposed model

0

The trajectory of the motion performed by the subject on
the giver side was compared to the trajectory generated by the
proposed hand-over motion model to demonstrate the effectiveness of the proposed model. Here, the initial position, target
position, and movement time of the trajectory of the robot’s
hand movement were matched with those of the movement of
the human hand.
Figs.7-9 show the trajectory generated by the proposed
model. Figs.7 and 8 show the paths on the X-Z and X-Y planes,
respectively. Fig.9 shows the velocity profiles.
The path of the hand in the model is a smooth curve whose
shape is similar to the path of the human hand, as shown in
Figs.7 and 8. In Fig.9, the velocity profile of the model shows
smooth changes. Moreover, its shape is similar to the velocity
profile for human hand movements. These results indicate
that the hand-over motion model can accurately represent the
human hand motion for the giver side.
(mm)
-100
Human
Model

Z-Axis

-150
-200
-250
-300

Fig. 7.

200

300
400
X-Axis

500

Fig. 9.

H AND - OVER ROBOT S YSTEM

A hand-over robot system that uses the proposed handover motion model is developed. The developed hand-over
robot system is shown in Fig.10. The robot’s arm is fabricated
according to the average size of a human arm [10]. It has
four degrees of freedom (two degrees for the shoulder joint
and one degree each for the elbow and wrist joints). The
coordinate system of the robot is shown in Fig.10. The
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0.2

0.4 0.6
Time

0.8

1
(s)

Velocity profile of model

origin of the coordinate system is defined as a point at the
center of the shoulder. Furthermore, a hand with five fingers
is constructed, as shown in Fig.11. This hand is driven by
a pneumatic mechanism. The mechanism involves nonlinear
behavior owing to the nonlinear behavior of the compressibility
of air. Therefore, the robot grips an object gently like a human
would do using the hand.
A microphone is used for the measurement of the human
voice. Furthermore, a magnetic sensor (FASTRAK) is used for
the measurement of the position and angle of the human hand.
The hand-over motion model is used to calculate the desired
position of the robot based on the obtained hand position of the
human. Inverse kinematics is used to calculate the joint angle
from the obtained desired position of the robot. The robot is
controlled according to the obtained joint angle. Each joint is
driven by an AC servomotor through a decelerator. The joint
angle is measured by a pulse signal from the rotary encoder
installed in the servomotor. The sampling time of the system
is 10 ms. The robot follows the desired position accurately.
V.

(mm)

Path of model (X-Z Plane)

IV.

0

E XPERIMENT OF H AND - OVER M OTION M ODEL

An experiment was performed in order to analyze the handover motion of the robot as preferred by humans. In the handover motion model, the robot released the object in response to
a voice utterance from a human. Therefore, the timing between
the voice utterance of the human and the release motion of the
robot is important for a smooth hand-over motion. Thus, the
timing preferred by humans was determined experimentally.
Fig.12 shows the experimental scene.
A. Experimental method
In analysis of hand-over motions of humans, many humans
release an object from between 0.0 s to 0.6 s after hearing
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Z
Servo
Motor

Origin
340

Y
X

Encoder

B. Experimental results
1) Paired comparison: The result of the paired comparison
is shown in Table II. The table shows the number of subjects
that preferred the column mode to the row mode. Table II
indicates that mode (b) was preferred by the largest number
of subjects. Furthermore, the Bradley-Terry model [11] was
fitted to the results to analyze the results quantitatively by using
equation (4).

D/A Converter
Counter
PC

1,370
210

Magnetic Sensor

250

Receiver
(Human Hand)

Pij =

Microphone

X

πi
πi + πj

(4)

πi = Const. (= T otal : 100)

i

Fig. 10.

Hand-over robot system

πi is the intensity of the preference for model i. Pij is the
probability of the judgment that i is better than j.
Using this model, the results of the paired comparison were
expressed by the intensity of preference π, as shown in Fig.13.
The suitability of the model was validated by the goodnessof-fit and likelihood ratio tests. The figure indicates that mode
(b) was rated as the best mode.
TABLE II.

R ESULT OF PAIRED COMPARISON

(a)
Fig. 11.

(a)
(b)
(c)

Robot hand with five fingers

a voice from the receiver. Furthermore, on average, humans
release an object at 0.3 s after hearing a human voice. Therefore, three modes were used in the experiment. In mode (a),
the release motion is performed simultaneously with hearing
a human voice. In mode (b), the release motion is performed
at 0.3 s after hearing a human voice. In mode (c), the release
motion is performed at 0.6 s after hearing a human voice.

49
30

(b)
11

6

(c)
Total
30
41
54
103
36
(π)

(a)
(b)
(c)

A paired comparison was first carried out. Subsequently,
a seven-point bipolar rating was determined. The paired comparison was performed for all six pairs of combinations. The
seven-point bipolar rating with a scale from -3 (not at all) to
3 (extremely) was determined for the following four items:
“Ease of receiving,” “Certainty,” “Security,” and “Politeness.”
The subjects used the modes randomly. The subjects were 30
healthy students aged between 20 and 24 years.

Fig. 12.

0

Fig. 13.

20

40

60

80

Result of Bradley-Terry model

2) Seven-point bipolar rating: The results of the sevenpoint bipolar rating are shown in Fig.14. Mode (b) was
evaluated as better than modes (a) and (c) by a significant
difference of 1 % in the “Ease of receiving” item. This result
agrees with the result of the Bradley-Terry model. However, in
the “Certainty” and “Politeness” items, mode (c) was evaluated
as better than modes (a) and (b) with a significant difference of
1 % or 5 %. Furthermore, mode (b) was evaluated as better than
mode (a) by a significant difference of 1 %. In the “Security”
item, modes (b) and (c) were evaluated as better than mode
(a) by a significant difference of 1 %.
From the results, mode (b) was found to be the preferred
mode. Furthermore, in the seven-point bipolar rating, all items
of mode (b) were evaluated as positive. Therefore, it was clarified that the proposed hand-over motion model can generate
hand-over motion with humans without eliciting feelings of
aversion in them, thus demonstrating the effectiveness of the
hand-over motion model.

Experimental scene using hand-over robot system
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model. Furthermore, the generated motion was experimentally found to be preferred by humans. Therefore,
the effectiveness of the proposed hand-over motion
model was demonstrated.
•

(a)

(b)
Certainty
**
**
*

(c)
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Experimental results show that humans received an object
easily when the release motion of the robot was performed
at 0.3 s after hearing a human voice. However, from the
viewpoints of certainty and politeness, humans preferred the
hand over in which the release motion was performed at
0.6 s after hearing a human voice. From this result, it was
evident that feelings of certainty and politeness increased by
lengthening the time for which both the human and the robot
were holding the object.
VI.

When the release motion of the robot was performed at
0.3 s after hearing a human voice, humans received an
object easily. Furthermore, it was found that feelings
of certainty and politeness increased by lengthening
the time for which both the human and the robot held
the object.

C ONCLUSIONS

In this paper, we proposed a hand-over motion model based
on the timing between the voice utterances and the release
motions of humans. This model generates a motion in which
a robot hands over an object to a human accompanied by a
voice greeting. In this model, a robot generates the release
motion in response to a voice utterance from a human based
on the analysis of the timing between the voice utterances
and the release motions of humans. Furthermore, a hand-over
robot system that uses the proposed hand-over motion model
was developed. The effectiveness of the proposed model was
demonstrated by sensory evaluation using the hand-over robot
system.
The experimental results can be summarized as follows:
•

In the analysis of hand-over motions between humans,
humans moved their hands in a smooth trajectory.
Furthermore, givers performed their release motion
according to the voices of receivers. Therefore, it
was evident that humans synchronize their embodied
rhythms by their voices, and perform hand-over motion at precise timing.

•

The hand-over motion with a voice between a human
and a robot could be generated using a hand-over
robot system that used the proposed hand-over motion
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Abstract—in this paper, an invented artificial landmark
technique is discussed and tested. The technique is called IR
coding and it is designed especially to enhance the line follower
feature. The IR coding is used with the line follower robot so it
will localize itself without adding any sensors. This technique is
inexpensive and it has other features as well. In this paper, the
focus was in embedding the IR coding in ‘+’ intersection so the
line follower robot will easily identify it and it will take the
decision accordingly.
Index Terms—IR
Technique.

coding,

Intersection,

Mobile

Robot,
Fig 2. Robot basic units.

I. INTRODUCTION

The concept of the line follower robot is pretty simple. The
path is designed with dark color (black) so it will absorb the IR
waves or the light waves. The surface that is surrounding the
path will be constructed by using light color (white) which will
reflect the IR waves or the light waves. Furthermore, two or
three sensors needed to be used so the action (left, right,
straight and stop) will be easily determined. The output of the
sensor will be feed to the controlling unit so it will take the
decision accordingly. Then, the controlling unit will either
activate one DC motor (in case of turning to right or left) or
both of them (in case of going straight). Whenever the output
of the sensor is high (meaning that it cannot see the path
anymore) both DC motors will be deactivated. Figure 2 shows

L

INE follower robot is one of the mobile robot navigation
that has the ability of moving from one location to another
following specific path. It also categorized to be under the
unmanned ground vehicles (UGV) classification. For UGV
class, the mobile robot is designed to move in land which
means that the mobile robot is wheeled or legged [1]. Line
follower robot has a simple structure and electronic circuitry.
It has a sensor unit which can be constructed by using either IR
pair (IR transmitter and IR detector) or LDR (light dependent
resistor) with LED. The actuator unit is simply a DC motor.
Moreover, microcontroller can be used as a controlling unit
that will take the input from the sensor, match the exact action
that needed to be performed and then send the output to the
actuator. Figure 1 shows the relation between sensor, actuator
and controlling unit.

Fig 1. Simple line follower robot‟s path.

simple path for line follower robot.
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read from any direction that the line follower robot is coming
from. Example of unique IR coding is the combination 0 1 0
and 1 0 1. Another on is not unique but has two combinations
resulting in one action. For example, combination 1 1 0 is the
result of 1 XOR 0 1 1 which means that the four combinations

As discussed above, the line follower robot does not have
the ability to localize itself or even take the decision in case of
having two paths intersect with each other forming a „+‟
intersection. In order to enhance the line follower robot to be
able to perform such a decision, landmark navigation must be
used. Landmark is simply a recognizable mark that can be
either natural or artificial [2], [3]. Natural landmark is done by
using a camera which will be placed on the robot and the
output of the camera will be sent to the computer. Signal
processing is done to analyze the photo to recognize what the
robot is seeing. On the other hand, artificial landmark is not
complex as natural one since it uses special landmark that the
robot can easily detect. Examples of the artificial landmark are
RFID tag [4] and barcode [5]. Also, simple „+‟ intersection
have been used with counter so the line follower robot will
navigate itself [6].
This research is organized as followed. Section II shows
related work regarding artificial landmark. Section III
discusses the invented technique “IR coding”. Moreover,
section IV shows a comparison between IR coding and simple
„+‟ intersection. In section V different scenarios are shown
regarding the use of IR coding. The conclusion is covered in
section VI.

TABLE I
COMBINATION OF THREE IR PAIRS

IR1

IR2

IR3

1
1
1
1
1
0
1
0
1
1
0
0
0
1
1
0
1
0
0
0
1
0
0
0
This table shows the complete eight combinations for three IR pairs. Only
four combinations are required for basic functionality of the line follower
robot.

II. RELATED WORK
There are different techniques that the authors have
suggested to be used as artificial landmark. In [4] RFID tag
has been used in different location and the RFID reader is
placed in the mobile robot. Other technique is to use the
barcode as an artificial landmark and the mobile robot will
have the barcode reader [5]. Furthermore, special landmark
can be used with the camera and then the signal processing is
performed to recognize these landmarks [7]. Moreover, other
authors discussed the fusion of artificial landmark and RF
TDOA distance [8]. The paper represented the use of camera
to obtain the image information and the distance information
obtained from distance node. However, other authors have
focused on writing an algorithm so the robot can locate and
update the landmark. Also, this algorithm overcomes the noise
problem so it can be used in industrial environment [9].

Fig 3. Flow chart of IR coding (101).

III. IR CODING CONCEPT
IR coding is an invented artificial landmark that is designed
for the line follower robot. Enhancing this feature will make
the line follower robot more intelligent to localize itself. The
number of the IR pairs that are used to build the line follower
robot will determine the total combination of IR coding. For
example, table 1 shows the complete combination of three IR
pairs. Four combinations are required for the line follower
robot‟s functionality (which are left, right, straight and stop).
The rest can be used as IR coding. There are two types of IR
coding; one is unique IR coding which means that it can be

Fig 4. Flow chart of IR coding (110).
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are actually two IR coding. Figure 3 and 4 shows the flow
chart of both unique IR coding and other IR coding.
In case that there is a need of having more IR coding, more
IR pairs can be added. The output combination can be
obtained using the following equation.
2X
(1)

There are many advantages of using IR coding embedded
into the intersection rather than using simple „+‟ intersection.
The main advantage is that the IR coding does not suffer from
the problem that the simple „+‟ intersection has. Moreover, the
line follower robot can come from any direction and will not
have a problem in misreading the IR coding. Furthermore, the
line follower robot does not depend on any variable that can be
changed like counter value. That will help in reducing the error
rate of having logical errors. Using IR coding as an artificial
landmark is inexpensive and does not required adding more
sensor units; Unlike using the RFID tag or the barcode which
will increase the cost and the complexity of the system.

Where x is representing the total number of IR pair. Since
there are four combinations are used for the line follower
direction, the total IR coding combination is equal to:
2X – 4
(2)
IV. USING IR CODING FOR DIRECTION DECISION
As the authors shown in [analysis], simple „+‟ intersection
can be used for navigation with counter to count each „+‟
intersection. This technique is not accurate since it is highly
depending on the counter value to specify each „+‟
intersection. For example, in case that the line follower robot
was going back to the same intersection that it has already
passed, it will assume that it is a new intersection. Moreover,
this technique is not flexible because the counter value needed
to be increased in case of adding more intersection; which
means that the probability of using the counter value twice for
different action is high. Also, another problem can arise in
case that the power of the line follower robot is suddenly goes

V. SCENARIOS
A. Scenario I
In this scenario, there are two cases. The first case is that the

Fig 5. Simple „+‟ intersection.

down. That means the counter value will be reset which tends
to logical error like performing the wrong operation in the
coming intersection. Figure 5 shows simple „+‟ intersection.
In this paper, the suggestion is to use the IR coding in each

Fig 7. Flow chart of using IR coding in one direction.

one IR coding is used and the robot will go only in one
direction. Figure 7 shows the flow chart of this scenario.
Another case is that the line follower robot has the ability to
go into two directions. It must come back to the same location
that it has come from. Figure 8 shows the flow chart of this
scenario.

Fig 6. Embedded IR coding in „+‟ intersection.

intersection instead of having a simple „+‟ intersection. Figure
6 shows embedded IR coding for intersection.
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As the figure shows, two IR coding are used and named as
Location A and Location B. The user will select the location
and then select the proper operation that the line follower
robot must perform. At the end, the setting will be saved for
each location and the line follower robot will start its
operation.
VI. CONCLUSION
In this paper, an innovation of artificial landmark has been
discussed and tested. It is called IR coding. This artificial
landmark is designed for line follower robot to enhance the
localization feature so it will have the ability to localize itself.
The IR coding has been tested to be used in the intersection.
The line follower robot has the ability to identify each
intersection and perform the action accordingly. This
innovation has many advantages like flexibility, reliability and
it is inexpensive.
Fig 9. Flow chart of using IR coding for bi-direction.

FUTURE WORK
For future work, IR coding can be implemented to identify
different location so the line follower robot will be intelligent
to detect wither it has reached the desired location. Moreover,
IR coding can be used as an artificial landmark for the other
types of mobile robot like autonomous mobile robot.

B. Scenario II
In this scenario, the system has a user interface so the action
regarding each IR coding is going to be feed by the user. An
LCD and keypad are used to take the input or the action from
the users. The IR coding and several actions are already
embedded in the system so the user is going to select from
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situations require additional approaches to enhance classical
methods like artificial potential fields.
The current paper addresses just this point where optimization takes place between ”competing” potential fields of
mobile robots: Based on appropriate optimization methods
some potential fields are strengthened, some are weakened
depending on the local situation.
One of these methods is Particle Swarm Optimization (PSO)
first published by Kennedy and Eberhart [7]. PSO is an
evolutionary algorithm that imitates social behavior of bird
flocking or fish schooling. Raja et al gave a review on optimal
path planning ot mobile robots where PSO played a prominent
role under the methods considered [8]. Gong et al described a
multi-objective PSO for path planning [9]. Min et al proposed
a mathematical model using PSO and the so-called collision
cone approach for obstacle avoidance [10].
Another promising approach to cope with large decentralized systems is the market-based optimization (MBO). MBO
imitates economical systems where producer and consumer
agents both compete and cooperate on a market of commodities. A combination of artificial potential fields and MBO has
already been proposed by Palm et al [11], [12]. The main topic
of this paper is the combination of the artificial potential field
method with PSO and the design of a low-level controller for
the non-holonomic vehicle using the virtual leader principle.
The paper is organized as follows. Section II deals with
navigation principles applied to the robot task. In section
III the modeling and control of a non-holonomic vehicle is
presented, and the navigation and obstacle avoidance using
potential fields in the framework of a multi-robot system
is outlined. In section IV the Particle Swarm Optimization
approach (PSO) is presented and the connection between the
both PSO approach and the system to be controlled is outlined.
Section V shows simulation results, and Section VI draws
conclusions and highlights future work.

Abstract—This paper addresses the safe navigation of multiple
nonholonomic mobile robots in shared areas. Obstacle avoidance
for mobile robots is performed by artificial potential fields and
special traffic rules. In addition, the behavior of mobile robots
is optimized by particle swarm optimization (PSO). The control
of non-holonomic vehicles is performed using the virtual leader
principle together with a local linear controller.
Index Terms—Mobile robots, obstacle avoidance, potential
field, particle swarm optimization

I. I NTRODUCTION
In the last two decades several methods of robot navigation and obstacle avoidance have been discussed. One of
the most prominent methods for obstacle avoidance is the
artificial potential field method (see [1]). Borenstein and Koren
present a review on this method addressing its advantages and
disadvantages with respect to stability and deadlocks (see [2]).
Another approach can be found in ( [3]) where local groups
of robots share information on common potential field regions
for navigation among static and dynamic obstacles. Further
research results regarding navigation of non-holonomic mobile
robots can be found in [4] and [5]. The execution of robot
tasks based on semantic domain-knowledge has been reported
in detail by [6].
These examples show the wide variety of methods dealing
with different subtasks like
- go to target
- avoid obstacle
- follow traffic rules
Achieving different tasks at the same time requires a
decentralized optimization leading necessarily to a different
weighting of the tasks. Multi-agent control as a decentralized
approach can handle the optimization of tasks for a large number of complex local systems more efficiently than centralized
approaches.
In the context of mobile robot navigation, combinations of
competing tasks, that should be optimized, can be manifold,
for example the presence of traffic rules and the necessity for
avoiding an obstacle by using artificial potential fields at the
same time. Another case is the accidental meeting of more than
two robots within a small area. This requires a certain minimum distance between the robots and appropriate (smooth)
maneuvers to keep stability of trajectories to be tracked. These

II. NAVIGATION PRINCIPLES
Navigation principles for a mobile robot (platform) P i
are heuristic rules to perform a specific task under certain
restrictions regarding the environment, obstacles O j , and other
robots Pj . Each platform P i has an estimation about position/orientation of itself and the target T i . The position of
another platform P j relative to Pi can be measured if it lies
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vvi ∈ 2 - velocity of virtual platform P i
vdi ∈ 2 - desired velocity of virtual platform P i
kvi ∈ 2×2 - damping matrix (diagonal)

within the sensor cone of P i . Let, for example, mobile robots
(platforms) P1 , P2 , and P3 move from their starting points to
targets T1 , T2 , and T3 , respectively, whereas collisions should
be avoided. Four navigation principles are used here
1. Move to target T i
2. Avoid an obstacle O j (static or dynamic) if it appears in
the sensor cone at a certain distance.
3. Decrease speed if a dynamic obstacle O j (platform)
comes from the right
4. Move to the right if the obstacle angles β (see [13]) of
two approaching platforms are small
(e.g. β < 10◦ ).
Except the heading-to-target movement all other navigation
calculations and actions take place in the local coordinate
system of platform P i . The positions of obstacles (static or
dynamic) Oj or of other platforms P j are also formulated in
the local frame of platform P i .

vdi is composed of the tracking velocity v ti and velocity
terms due to artificial potential fields from obstacles and other
platforms (23). The tracking velocity is designed as a control
term
vti = kti (xi p − xti )
(3)
xti ∈ 2 - position vector of target T i
xi p ∈ 2 - position vector of platform P i
kti ∈ 2×2 - gain matrix (diagonal)
B. Design of a low level control law - Kinematical solution
In the following the motion of the virtual leader is assumed as a slowly time varying process compared to the time
constant of the nonholonomic vehicle which leads to a socalled time-frozen situation. Therefore the introduction of a
virtual platform enables us to design a linear control law in a
leader-follower scenario. In this context a new variable γ i is
introduced in the follower’s frame (see Fig. 1)

III. NAVIGATION AND OBSTACLE AVOIDANCE USING
POTENTIAL FIELDS

A. Modeling of the system
We consider a non-holonomic rear-wheel driven vehicle
with the kinematics of a car. The kinematic of the nonholonomic vehicle (see Fig.1) is described by
q̇i

=

Ri (qi ) · ui

qi

=

(xi , yi , Θi , φi )T
⎛
cos Θi
0
⎜ sin Θi
0
⎜ 1
⎝
·
tan
φ
0
i
li
0
1

Ri (qi ) =

(1)
⎞
⎟
⎟
⎠

where
qi ∈ 4 - state vector
ui = (u1i , u2i )T ∈ 2 - control vector, pushing/steering
speed
xip = (xi , yi )T ∈ 2 - position vector of platform P i
Θi - orientation angle
φi - steering angle
li - length of vehicle

Fig. 1.

γi = arctan

1) Virtual leader: In most of the control methods the
target is located at a far distance from the vehicle to be
controlled. In contrast to this we introduce a ’virtual’ vehicle
that moves in front of the ’real’ one (see also [14]). The virtual
vehicle (platform) acts as trajectory generator that generates the
position for the real platform at every time step on the basis
of starting and target (end) position, obstacles to be avoided,
other platforms to be taken into account etc. In this context,
the virtual leader can also be considered as an ideal trajectory
follower. The dynamics of the virtual platform is designed as
a first order system that automatically avoids abrupt changes
in position and orientation
v̇vi = kvi (vvi − vdi )

Leader follower principle

ydi
xdi

(4)

Differentiation of (4) yields
γ̇i =

cos2 γi 
(ẏdi − ẋdi · tanγi )
xdi

(5)

With
ẋdi = vDi · cos(Θdi − Θi )

= vDi · sin(Θdi − Θi )
ẏdi

where vDi is the leader’s velocity in the follower’s frame
we finally obtain

(2)
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γ̇i

=

γi

=

sin(Θdi − γi )
· vDi
Di
γi − Θi

(6)
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Di =
(xi − xdi )2 + ((yi − ydi )2 is the distance between
leader and follower.
Θdi is the orientation angle of the leader.
From (6), (5) and (1) we then obtain
γ̇i =

sin(Θdi − γi )
tanφi
· vDi + vdi ·
Di
li

q̃˙ i

=

Ai q̃i + Bi ũi

q̃i
ũi

=
=

(Θi , φi , γi )T
Θdi

(13)

where
(7)
Ai

In the following pushing force control and steering force
control to be applied to the follower are addressed separately.
1) Pushing force control: The pushing force is composed
by the sum of the desired velocity of the leader v di and an
additional integral term

u1i = vdi + kIi · (Di − Ddi )dt
(8)

Bi

0
⎝
(K1i + K2i )
=
0
⎛
⎞
0
= ⎝ −K1i ⎠
⎛

vdi
li

−Ci
vdi
li

⎞
0
−K2i ⎠
− vDDii
(14)

vDi
Di

Equation (13) is stable if A i is Hurwitz. The gains K1i , K2i
and, with this, kgain1 , kgain2 , kgain3 are designed by pole
placement. From the determinant of matrix A i −λE, we obtain

t

Ddi - desired distance between leader and follower
|Ai − λE|

2) Steering force control: The following linear steering
control law is a composition of
- orientation control
- steering angle control
- heading angle control
u2i = φ̇i

=

=

where E ∈ 
- identity matrix. Solving equation (15)
we calculate the relation between the three poles λ 1 , λ2 , λ3 , the
system parameters and the control parameters to be designed
vdi vDi
λ1 λ2 λ3 =
·
· (K1i + K2i )
li D i
vDi
vdi
λ1 λ2 + λ1 λ3 + λ2 λ3 =
· Ci −
· K1i
(16)
Di
li
vDi
λ1 + λ2 + λ3 = −(Ci +
)
Di

where φdi = Θdi − Θi is the desired steering angle.
Rewriting (9) into
=

−Ci · φi + K1i · (Θi − Θdi ) + K2i · (Θi − γi )

Ci

=

kgain2 i

K1i
K2i

=
=

−(kgain1 i + kgain2 i )
−kgain3 i

from which we obtain
vDi
Ci = −
− (λ1 + λ2 + λ3 )
Di
li
vDi
K1i =
·(
Ci − (λ1 λ2 + λ1 λ3 + λ2 λ3 )) (17)
vdi
Di
li Di
K2i =
·
· λ1 λ2 λ3 − K1i
vdi vDi
(18)

(10)

Summarizing the steering equations (1), (7), and (9) we get
vdi
· tan φi
(11)
li
= −Ci · φi + K1i · (Θi − Θdi ) + K2i · (Θi − γi )
sin(Θdi − γi )
tanφi
=
· vDi + vdi ·
Di
li

Θ̇i

=

φ̇i
γ̇i

The original gains k gain1 i , kgain2 i , kgain3 i can be obtained
using (10)
K1i + K2i = −(kgain1 i + kgain2 i + kgain3 i )

Suppose that at the begin of the motion leader and follower
are close each other. Then equations (11) can be linearized
Θ̇i

=

φ̇i

=

γ̇i

=

0

0
−K2i
−( vDDii + λ)
(15)

3×3

kgain1 i (Θdi − Θi ) + kgain2 i (φdi − φi )
(9)
−kgain3 i (Θi − γi )

φ̇i

=

vdi
0−λ
li
(K1i + K2i ) −(Ci + λ)
vdi
0
li

(19)

Let further K toti = −kgain2 i − (K1i + K2i ) and

vdi
· φi
(12)
li
−Ci · φi + (K1i + K2i ) · Θi − K2i · γi − K1i · Θdi
vdi
vDi
vDi
· φi −
· γi +
· Θdi
li
Di
Di

where tanφi ≈ φi and sin(Θi − γi ) ≈ Θi − γi .
Equation (12) can be written in the compact form
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kgain1 i

=

α · Ktot i

kgain3 i

=

(1 − α) · Ktot i

(20)

with the free design parameter α ∈ [0, 1], we obtain with (10)
and (20) the three gains k gain1 i , kgain2 i , kgain3 i that guarantee
a stable motion of the follower along the trajectory of the
leader. The excellent tracking quality of the proposed control
can be observed by the simulation examples especially for
’moving on lines’ (see Section V Figs. 2 - 5).
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achieved by minimizing of some energy function representing
the interaction of platforms and obstacles. One possible option
for tuning the weights w ij is to find a global optimum over
all contributing platforms. This, however, is rather difficult
especially in the case of many interacting platforms. Instead,
the multi-agent approach has been preferred. In the following
the so-called Particle Swarm Optimization (PSO) is presented
leading to the optimization of the robot’s behavior when acting
in a common working area. It has to be emphasized that the
whole optimization process is done online.

C. Introduction of artificial potential fields
Speaking in the following of ’forces’ does not mean forces
in the physical sense but ’virtual forces’ or ’artificial forces’.
Repulsive forces exist between platform P i and obstacle Oj
leading to repulsive velocities
vij ob = −cij ob (xi p − xj ob )dij −2
ob

(21)

vij ob ∈ 2 - repulsive velocity vector between platform P i
(leader) and obstacle O j
xj ob ∈ 2 - position vector of obstacle O j
dij ob ∈  - Euclidian distance between platform P i and
obstacle Oj
cij ob ∈ 2×2 - gain matrix (diagonal)

A. Particle swarm optimization (PSO)
PSO is an optimization method that simulates the behavior
of bird flocking generated by a swarm of birds searching for
food. In PSO each single bird in the swarm is simulated by an
agent - a so-called particle. Each particle has a fitness value
that is evaluated by a fitness function to be optimized. For the
optimization of the behavior of mobile robots PSO uses
1. a cost function J i to be optimized like

Repulsive forces also appear between platforms P i and Pj
from which we get the repulsive velocities
vij p = −cij p (xip − xj p )dij −2
p

(22)

vij p ∈ 2 - repulsive velocity between platforms P i and Pj
dij p ∈  - Euclidian distance between platforms P i and Pj
cij p ∈ 2×2 - gain matrix (diagonal)

mp

Ji =

vdi = vti +

aij , bij , cij - system parameters
wij - variable to be optimized
mp - number of robots in a shared area

mp

vij ob +
j=1

vij p

(23)

j=1

where mob , and mp are the numbers of contributing obstacles, and platforms, respectively. In general, artificial force
fields are switched on/off according to the actual scenario: distance between interacting systems, state of activation according
to the sensor cones of the platforms, positions and velocities of
platforms w.r.t. to targets, obstacles and other platforms. All
calculations of the velocity components (1)-(23), angles and
sensor cones are formulated in the local coordinate systems of
the platforms.

2. a group of particles (agents) P t i forming a so-called
swarm.
Each particle (agent) P t i varies wij randomly within a
given interval while calculating J ij and checking J i regarding
its optimum (minimum or maximum). Values of w ij resulting
in a Ji closer to the optimum as before are selected as ”better”
ones. Do this for each robot i = 1...m p in the shared area. This
procedure is - so to speak - a competition between particles
(agents) P tm during which the particle P t m and the associated
wij m with the best Jiopttot wins the game.
The random process works as follows:
a) Calculate initial Jij initm ’s and an initial Ji initm for each
particle P tm and pick the best J ioptm for each particle
P tm and a corresponding p m = wij optm . Then pick the
best Ji opttot among all Ji optm and a corresponding q m =
wij opttot .
b) Calculate a ”gradient” ν(k) with a help of which the
variable wij (k) moves towards the optimum after each
optimization step k.
The updating formula for ν(k) reads

IV. O PTIMIZATION OF THE BEHAVIOR OF THE MOBILE
ROBOT SYSTEM

The behavior of the multiple mobile robot system is
optimized by an appropriate weighting of the repulsive
forces/velocities vij p between the platforms. The desired motion of platform P i is then described by
mp

vdi = voi +

wij vij p

(25)

2
Jij = aij + bij wij + cij wij

The resulting velocity v di is
mob

Jij → optimum
j=1

(24)

j=1,i=j

wij are weighting factors for repelling forces between platforms Pi and Pj . voi is a combination of
- tracking velocity depending on distance between platforms Pi and targets Ti
- repulsive and control terms between platforms P i and
obstacles Oj
- Traffic rules
The goal is to change the weights w ij to generate a smooth
dynamical behavior in a common working area. This can be

ν(k + 1) = ω · ν(k) + c1 · r1 · (pm (k) − wij (k))

(26)

+c2 · r2 · (qm (k) − wij (k))
and for wij (k)
wij (k + 1) = wij (k) + ν(k + 1)
ν(k) - gradient
k - optimization step
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r1 , r2 ∈ [0, 1] - random variables
ω, c1 , c2 ≥ 0 - free parameters
ω · ν(k) - inertia weight
c1 · r1 · (pm (k) − wij (k)) - personal weight (local)
c2 · r2 · (qm (k) − wij (k)) - social weight (global)

V. S IMULATION RESULTS
In our simulations the platforms are supposed to move to
static targets while avoiding other platforms and static obstacles at the same time. In the optimization process the number
of particles was 10. It could also be observed that an iteration
number of 10 led to a sufficiently fast convergence result. The
time step of the simulation is T = 0.05s. The units ate the axes
are m. To determine the quality of the particular approach
especially for the short time period of robot interaction in
a shared area two performance measures are considered: i)
bending energy, ii) smoothness [15]. Other parameters like
traveled distance and completion time were left out. The
bending energy is measured by bend i = k curvi (k)2 where
curvi (k) is the curvature of the ith trajectory at time step k.
”The bending energy can be understood as the energy needed
to bend a rod to the desired shape” [15]. The smoothness
is measured by the sum of absolute values of the change
in curvatures d(curv i ) =
k |curvi (k + 1) − curvi (k)|.
Measurements and calculations are performed at each point
of the trajectories and numerically integrated along them.
Figures 2 - 5 show the trajectories of the platforms. To show
how optimization works in difficult situations the targets are
supposed to change their positions drastically after a certain
number of steps. The following formula serves as an intuitive
performance measure:

The inertia weight plays the role of damping of the learning
process. The personal weight gives more/less weight to the
particle than to the swarm whereas the social weight gives
more/less weight to the swarm. The whole process is iterative:
after either a given number of iterations or falling below some
given threshold the optimization process is finished.
From the system equation (24) we define further a local
energy function to be minimized
J˜ij = v T vdi
di

aij + bij wij + cij (wij )2 → min

=

(28)

where J˜ij ≥ 0, aij , cij > 0 .
B. Determination of the system parameters a ij , bij and cij
The calculation of the system parameters a ij , bij , and cij
is based on the equation of the system of mobile robots (24)
mp

vdi = voi +

wij vij p

(29)

j=1,i=j

where voi is a subset of the RHS of (23) - a combination
of different terms (tracking velocity, repelling and rotational
forces between platforms and obstacles, traffic rules etc.), v ij p
reflects the repelling forces between platforms P i and Pj .
The local energy funcion reflects only the energy of a pair
of two interacting platforms P i and Pj
J˜ij

mp

=

perfi = bendi · d(curvi ) i = 1...3

The smaller/larger perf i is, the better/worse is the performance
of the tracking example. Finally, to decide about the performance of the total experiment the sum over all 3 trajectories
is formed
perftot =
perfi i = 1...3
(33)

mp

voTi voi + (

wik vik p )T (

k=1,k=i,j

wik vik p )

i

k=1,k=i,j

Other results with targets moving on circles are shown in Figs.
6 and 7. The result for the entire experiment is shown in
Table I from which we conclude that PSO improves the total
performance significantly.

mp

+

2

wik voTi vik p
k=1,k=i,j
mp

+

2wij (voTi +

wik vik Tp )vij p

(30)

TABLE I
S IMULATION RESULTS

k=1,k=i,j

+

2
(vij Tp vij p )
wij

experiment
lines
circles

Comparison of (30) and (28) yields
m

aij

=

m

voTi voi + (

wik vik p )T (

k=1,k=i,j

2

VI. C ONCLUSIONS

wik voTi vik p
mp

cij

=

2(voTi +

=

k=1,k=i,j
T
(vij p vij p )

with PSO
perftot,P SO = 57.29
perftot,P SO = 7.93 · 104

Navigation and obstacle avoidance of mobile robots are
performed by artificial potential fields and traffic rules. The
control of the vehicles takes place by using the virtual leader
principle and a local linear control strategy. In addition the
behavior of mobile robots is optimized by particle swarm optimization (PSO). Optimization takes place when more than two
mobile robots act in a common workspace. PSO is an optimization method that simulates the behavior of bird flocking or fish
schooling. By means of weighting factors - optimized by PSO
- potential fields are strengthened or weakened depending on

k=1,k=i,j

bij

no PSO
perftot,noopt = 1555.81
perftot,noopt = 27.6 · 1010

wik vik p )

k=1,k=i,j

m

+

(32)

wik vik Tp )vij p
(31)

With this the parameters for the computation of the weights
wij and the optimization of J ij over all contributing platforms
Pi is given.
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Fig. 2.

Moving on lines with change of targets, no optimization

Fig. 3.

Fig. 4.

Zoom in for moving on lines, no optimization

Moving on lines with change of targets, with PSO

Fig. 5.

the actual scenario allowing smooth motions in such situations.
Simulation experiments with simplified robot kinematics and
dynamics have shown the feasibility of the presented method.
A future aspect of this work is a more realistic simulation
followed by an implementation of the algorithm on a set of
real mobile robots.

Zoom in for moving on lines, with PSO
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classification of middleware challenges according to their
specific domains of concern: (1) general issues as related to a
fleet realization, (2) issues imposed by operating in
unstructured environments, and (3) challenges resulting from
the task complexity. This systematization can be used to
identify a suitable middleware for a specific robotic fleet
application.

Abstract—The past decade has witnessed a huge increase in
the number of proposed middleware solutions for robotic fleets
operating in unstructured environments. As a result, it has
become difficult to decide which middleware is the most
appropriate for a specific application or application domain. In
this paper we first extract a set of common and specific
challenges that middlewares address, and group them according
to the source domain they have originated within. These
challenges are derived from a specific precision agriculture usecase based on the robotic fleet for weed control elaborated within
the European Project RHEA-Robot Fleets for Highly Effective
Agriculture and Forestry Management. Furthermore, the paper
provides an analises of a number of different middlewares and
suggests a set of criteria for systemizing representative solutions.
The aim of this analysis is to assist the process of finding an
adequate middleware for a specific application domain.

This paper is structured in the following way. Section 2
introduces motivating precision farming scenario and Section
3 presents an overview of common and specific challenges
extracted from it. Section 4 provides the review of some
existing middleware solutions accompanied with their usecase description. Section 5 discusses in more detail several
selected middleware solutions and compares them against
challenges identified in the Section 3. Section 6 concludes the
paper.

Keywords—Robotic Middleware; Robotic Fleets; Complex
Environment; Multi-Robot System

II. PRECISION FARMING AS A MOTIVATING SCENARIO
Precise management of agricultural land is possible due to
the availability of new technologies, i.e., global positioning
systems (GPS), geographic information systems (GIS),
sensors, automation of agricultural machinery, and high
resolution image sensing. The aim is to diminish the use of
chemical inputs and improve crop quality, humans’ safety, as
well as to reduce the production costs. Sustainable precision
crop management can be based on the use of a fleet of
heterogeneous robots equipped with advanced sensors and
actuators as developed within the RHEA project [5]. It
provides motivation and requirements for the presented work.

I.
INTRODUCTION
An important current trend in robot-assisted work is a
transition from pure industrial robotic systems, where robots
carry out work in controlled environments, towards robotic
systems and fleets that autonomously work or support humans
in unstructured and volatile environments. This entails
numerous challenges related to the complexity of robotic
mission tasks. Another manifestation of this trend, is
emergence of a vast number of different robotic middleware
solutions each being customized for and focusing on some
specific aspects of autonomous robotic work or human-robot
interaction in robotic fleets.

The core of the RHEA concept is a centralized fleet
management system that assists the system operator in
choosing a suitable strategy for field treatment taking into
account weed infestation map and available robots, their
implements and sensors [6]. The selection of the treatment
strategy, i.e., building a mission, takes into account many
parameters, e.g., the type of tasks to be performed, the number
and features of available robots and field information [7].
After the mission is defined, it is decomposed in the number
of tasks and mapped to corresponding robots. Centralized
control system is responsible for both task-robot mapping and
robots coordination during the mission execution. During the
mission, heterogeneous and distributed robots report their
status to the base station (user) who supervises the mission
and acts as a central point in the system. The base station is a
place that manages, coordinates, makes decision, collects data,

When a new application is being developed, understanding
the challenges of a specific application domain is the first
important step towards making the decision which middleware
to use. Systematization of challenges on a general level has
been already undertaken in [1-2], where the focus is on the
challenges imposed by unpredictable environments. This
work has been extended in [3-4] where authors discuss some
more specific issues and compare several middleware
implementations against them. Our work further extends this
effort with a focus on extracting additional, less covered issues
imposed on the middleware for robotic fleets. Through the
analysis of a motivating scenario, presented in Section 2, we
aim at broadening the perspective introduced in the existing
work. Based on the scenario analysis and the extensive review
and comparative study of robotic middleware, we propose a
This paper is supported within the European Research Project RHEA.
The Telecommunications Research Center Vienna (FTW) is supported by the
Austrian government and the City of Vienna within the competence center
program COMET
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instructs, and monitors all robots in the network. In addition, a
user (operator) in the field can establish remote control over
the fleet, complementing the central user when necessary.
In this basic RHEA scenario the robots´ autonomy is
limited to a narrow set of basic functions like small
adjustments related to, e.g., path correction. Our interest is to
understand how autonomy, i.e., the robot self-awareness, can
be extended, and the implications of this extension on the
robotic middleware selection. In this respect we are
particularly interested in the aspects pertaining to the
modelling of the tasks, and the resources and services that the
robots embody.
Fig. 1 illustrates a precision farming concept of the RHEA
project including the mission that comprises tasks, the mission
monitoring and centralized system control. This concept is
extended with the blocks that represent models of tasks (task
ontology) and robotic coordination, as well as self-awareness
knowledge model, and models of robotic resources and
services (ontology for service description). We refer to the
concept illustrated in Fig. 1 as the extended RHEA scenario.
III. MAIN CHALLENGES FOR ROBOTIC MIDDLEWARE
This section summarizes middleware challenges posed by
the RHEA scenario where robotic fleet operates in
unstructured and volatile environment. We complement the
challenges from the related work [1-4] with the challenges
specific to the scenario from Fig. 1. The result is a
classification of middleware design challenges, addressing
three domains of design decisions: (1) general fleet realization,
(2) dealing with the environment, and (3) dealing with the
specificities of fleet tasks. This classification provides a scope
in which we map existing robotic middleware solutions in
Section 5, and identify potential for new developments.

Fig. 1. Extended RHEA scenario

specific sensors or actuators, like robots in the RHEA
scenario.
3. How much autonomy is needed? Communication,
Collaboration and Coordination as Autonomy Drivers.
Information exchange is vital for collaboration and
coordination, which are complementary processes running
over a communication backbone of multi-robot systems [1-4].
The information that supports robots in achieving their goals
can be obtained in different ways, e.g., by sensing the
environment in which robots are operating, by observing
actions of the peers, or by an explicit message exchange with
the peers. Based on the acquired information, robots can build
their collaboration and coordination patterns. Furthermore,
autonomy is significant feature of robotic systems [3].
Autonomous robots utilize communication infrastructure and
sensors for automated local or group decisions and actions,
with no human intervention. Current research in autonomy is
focused on developing different levels of autonomy and thus
providing the robots with adaptive autonomy functions.
Adaptive autonomy enables human-robot fleets to incorporate
advanced coordination and collaboration mechanisms with
different levels of robots and humans involvement. The
communication in basic RHEA is centralized with a hub spoke
topology. The central user (base station, or hub), creates,
coordinates and supervises a complete mission. Spokes are
heterogeneous tractors that wirelessly communicate with the
base station, execute commands received from the user, and
report their status to the hub. End-to-end communication is
established only between the operator in the base station and
each particular tractor.

A. General Fleet Realization Challenges
We identified five pervasive problem statements common
for the RHEA scenario as well as for the reviewed middleware
[8-27].
1. How to distribute control? Centralized versus
Distributed Control. The control organization is a concern
critical in the early stages of the system design [1], [4]. It
influences other system decisions that are to be made in later
phases, e.g., the autonomy level and collaboration patterns. As
also shown in Fig. 1, the control component dominates the
system as it manages the communication and coordination.
While centralized control adopted in the basic RHEA scenario
simplifies coordination, the distributed control provides for
more flexibility (extended RHEA).
2. How to distribute functionalities? Homogeneous
versus Heterogeneous Robots. There are two types of fleets:
homogeneous and heterogeneous. The robotic fleet application
directly drives a decision on the type of robots in a fleet [1],
[2]. The systems exploiting parallel, and in time and space
distributed tasks, often use large scale fleets of
interchangeable homogeneous robots. On the other hand, more
demanding applications may require teams of individuals with

4. How to specify a mission? Mission Definition and
Task Allocation. A robot task can be decomposed into
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with reduced resources [4]. Adaptability is a design feature
that enables robots to change behavior according to the
dynamically changing requirements posed by the environment,
e.g., as triggered by mission customization, changing
resources of teammates, or the need to prevent performance
degradation [2], [4], [8].

independent subtasks, hierarchical task trees or roles [1]. The
mission tasks can be designed either by an autonomous
planning function, or by the human designer [1], [2].
Centralized fleet management system in RHEA assists the
system operator in building a mission for the field treatment
[7]. The mission is decomposed in tasks which are mapped to
corresponding robots. In general, a common way of defining a
mission is by defining a set of tasks that have to be completed
within a specified time. Each task can be processed by a
variety of different robots, and each robot can work on
different tasks. The mapping between available robots and
generated tasks is the solution to the task allocation problem.

3. Can a new behavior emerge? Emerging Behavior
and Dynamic Team Formation. Behavior-based system
design enables robots to perform tasks without having explicit
set of instructions for their execution [1]. In this context, we
extend the initial assumptions of the RHEA scenario with the
cooperation and collaboration capabilities at robots, assuming
that robots are aware of their local context and capabilities of
other robots in the fleet. This means that they can
autonomously select to perform tasks within a complex
mission, which requires e.g., a combination of different
implements (skills), such as spraying and flaming implement.
In general, robots may use knowledge of the current state of
the robot mission, robot team member capabilities, and robot
actions, to decide, in a distributed fashion, which robot should
perform which task. Dynamic team formation may occur
either when one or more robots move away and lose
connectivity to others, or when a robotic fleet is split in groups
according to assigned tasks. The former is the physical, and
the latter is the logical separation.

5. How to design for self-organization? The
Knowledge-based design and Semantic-based Resource
Presentation. Semantics can be used to model resources
provided by ubiquitous heterogeneous devices distributed in
the environment. Describing functions of cameras, sensors,
actuators, etc., with a common ontology eases the process of
finding appropriate resources in the environment. Semantic
technology is underutilized in robotic fleets but has a large
potential due to the flexibility it offers. As shown in Fig. 1, we
extend the initial assumptions of the RHEA scenario with
semantic blocks for describing tasks and services that reside
on the robots and the base station respectively. In this new
scenario, robots are aware of their local context and
capabilities of other robots in the fleet.

Due to the volatile environment where RHEA scenario
takes a place, support for the operation in the disconnected
mode is perceived as a comparative advantage in a robotic
middleware. Ability to operate in this mode, complemented
with an adaptive behavior and dynamic team formation,
increases system robustness.

We identified these core challenges as both imposed by
RHEA scenario and imminent to the design of every
middleware. They have to be continuously addressed in
different phases of the middleware design, and build a basis
for extensions according to special needs of robotic
application.

C. Task Dependent Challenges
Task specific challenges are related to mission or task
requirements that may be different in each application domain.
Here we identify four common problem statements:

B. Environmentally Imposed Challenges
This class comprises of three problem statements
characteristic for robots employed in RHEA scenario, which
have to cope with unstructured and volatile environment that
introduces additional complexity in system implementation.

1. How big the fleet may be? Scalability. The
scalability support is an essential feature of a fleet of robots
operating outdoor in unstructured environments [4]. In RHEA,
the dimensioning of the fleet as a task specific challenge
greatly depends on a size of the field that has to be treated. In
general, scalable, open systems, e.g., systems comprising of
different types and numbers of components, such as agents,
computers, humans, have to support dynamic joining and
leaving of components. Scalability relates to the ability of the
system to accept new components without significant change
in architecture and design.

1. How to deal with uncertainty in communication?
Disconnected versus Connected Operation Mode. Fig. 1
shows the robots operating outdoor where communication
links are subject to environmental impacts and therefore
unreliable. Although the basis RHEA robots do not possess
modules for operating in disconnected mode, this may be a
crucial requirement for a robotic middleware applied in
unstructured environments. In most scenarios with intermittent
communication robots have a connection with others, but only
for a limited, unknown time.

2. How much knowledge shall be shared?
Knowledge about other Robots and Resource Discovery.
Shared knowledge is a driver for successful coordination
between robots [4]. To attain knowledge about other robots in
a fleet, a single robot does not have to contact a centralized
knowledge repository. Instead, the local (distributed)
knowledge can be maintained and used in tasks where robots
have to combine their services in order to successfully
accomplish a given task. In this context, discovery
mechanisms are essential components of dynamic computing
environments [2]. During environment exploration, mobile

2. How to deal with dynamics due to faults?
Robustness, Fault Tolerance and Adaptability. Robustness
and fault tolerance are relevant features of every multi-robot
system that executes time critical tasks [1], [4]. In RHEA they
are embedded within the reliability concept that includes a
remote user in a filed who can at any time manually take over
a control of a robot and solve aggregated issues. In general,
robustness and fault tolerance guarantee operation in the
presence of malfunctioning components, which requires that
the system has autonomy capabilities to continue the work
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A. Alliance [8]
ALLIANCE [8] defines a framework that allows teams of
robots, where each is equipped with a variety of high-level
functionalities, to individually select appropriate actions based
on the mission requirements, the environment, activities of
other robots and an internal state. The middleware framework
is distributed and implements behavior-based architecture
which enables robots to act based upon their current state.

robots discover external resources, like cameras, sensor
networks, and configure themselves to interact with them.
While the basis RHEA scenario does not involve information
sharing among robots, this feature is perceived as a main
driver for advanced and distributed coordination mechanisms
in the extended RHEA.
3. What is the human role? Human-Robot
Interaction. Robotic fleets are designed for limited
autonomous operation in the field and thus require interaction
with humans. The requirements on the human-robot
interaction capabilities depend on the challenges of specific
applications. A control concept exploiting different levels of
autonomy is an important trend in human-robot interaction
research [16]. There are two human operators in RHEA, one at
the base station and the other in the field, and both of them can
manually control each robot. This type of adjustable autonomy
increases the robustness and therefore is important in the
system modeling.

In [8] authors test this framework in the hazardous waste
cleanup mission, which requires two artificially waste spills in
an enclosed room to be cleaned up by a team of three robots.
The mission is divided into following tasks required to be
executed by the robots: the robot in the team locate two waste
spills, move the spills to a goal location, and periodically
report the progress to the human monitoring system.
B. MARTHA [9]
MARTHA [9] focuses on the control and management of
autonomous fleets for transshipment tasks in harbors, airports
and marshaling yards. The focus is on the increase of robots’
autonomy as a key solution for decentralization, which allows
robots to efficiently cope with unexpected environmental
issues, e.g., obstacles and other robots. The central station
does not intervene in the robot coordination tasks, nor does it
calculate precise trajectories robots have to take. Thus, the
required communication bandwidth between robots and the
central station is very low.

4. Shall fleet resources be dynamically allocated
based on preferences? Context and Costs Awareness. The
context and costs awareness are important task-specific
challenges [14], [19]. To support cost-based decision making
each task has to be assigned with an objective function to
minimize the cost of resources and maximize the benefit
gained by performing that task. In this way a fleet operates as
a system where actions are driven by business objectives. A
concrete RHEA fleet is a result of a centralized ahead-of
mission optimization; RHEA robots are not able to
autonomously and dynamically select desired, most
appropriate tasks, rather, they are assigned to them. In the
extended RHEA scenario cost awareness is a function that
each robot will use to estimate a gain it receives from
executing a specific task.

The testbed in [9] consists of an experimental room,
dimension 10 x 7 meters, divided into two areas including six
docking stations and two lanes. Three indoor robots conduct
transshipment experiments in the testbed environment
demonstrating how coordination and synchronization issues
that emerged during a mission are being handled.

It is hard to identify one specific task dependent challenge
as the most relevant because the requirements depend on the
application domain. Thus a middleware designer needs to
decide which should receive more attention, based on
requirements of the specific use-case.

C. Collaborative Tasking [10]
Collaborative Tasking [10] middleware supports marketbased task allocation through the implementation of the
standard Contract Net Protocol called Collaborative Tasking
Protocol (CTP) for a group of heterogeneous unmanned
vehicles. When a task is injected, each vehicle estimates its
cost to perform the task, taking into account remaining
consumables, required effort, its other pending tasks, and user
preferences.

IV. REVIEW OF MIDDLEWARES SOLUTIONS
In this section we review a number of prominent existing
middleware solutions with a focus on a particular use-case in
which the system was used. We consider only solutions that
deal with higher layer functionalities including ALLIANCE
[8], MARTHA [9], Collaborative tasking middleware [10],
PEIS [11-13], a market based approach [14] which we refer to
as MarketE, and HART [15]. Solutions controlling hardware
components on robots are out of the scope of this review.

In a military use-case presented in [10] an observer reports
the coordinates of an enemy tank and requires an air strike. To
begin, an operator adds the target to the workspace and
initiates the air strike requiring three tightly coordinated units:
first verifies a target, second bombs the target, and third
performs damage assessment. It is a challenging task since
close coordination between units is required to prevent
collisions. The mission is decomposed into three tasks
broadcasted to the units. Upon receiving a task, each unit
computes its cost function to execute a task and sends a bid.
After bids are collected, minimization algorithm is used to
select best unit for each task.

We restricted ourselves to this selection from a large
number of middleware solutions we reviewed, because each of
them addresses a larger number of challenges we identified as
important and their use-cases are similar to RHEA. This is not
the case for the majority of other existing implementations
which address more restricted number of challenges. Also, we
do not include solutions whose application is limited to a
specific purpose, such as DIRA [17], LIME [18], SOLD [19]
and AuRA [20].
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among team members is based on a set of policies that manage
the organizational structure among the agents.

D. PEIS (Physically Embedded Intelligent Systems) [11-13]
The concept of Ecology of Physically Embedded
Intelligent Systems or PEIS-Ecology aims at building
intelligent robots in the service of people [11]. In general,
PEIS is defined as a set of connected PEIS components that
reside in the same physical place. PEIS-kernel enables each
PEIS component to communicate and participate in a PEISEcology by implementing distributed tuplespace. PEIS
components use cooperation model based on the linking of
functionalities: each PEIS component is able to use services
provided by other PEIS components complementing its own
functionalities.

Scenario in [15] encompasses a mixed human-robot team
exercised to isolate, find and apprehend a human intruder on a
pier. Commander and lieutenant roles are assigned to two
humans and they were accompanied by 5 robots. The
commander is responsible of establishing subteams and
managing the whole mission relying on a combined speech
and graphical interface. The lieutenant is assigned to a team
just like robots. Mission starts when the commander states a
task of finding an intruder and uses utterances such as “what
resources are available” and “who has a laser” to build two
teams, one autonomous and the other with the lieutenant as a
leader. After the teams were created, the commander defines
an area of search interest and uses natural language to task
each team to secure a particular side.

The scenario simulating PEIS environment consists of two
robots (one robot supervises a mission and other executes it)
and a tracking system (cameras) installed in a 25m2 apartment.
First robot (supervisor) receives a goal to wake up a person
and it generates a plan and delegates it to the second robot
(executor). The plan consists of three actions: goto bed,
wakeup (talk), goto sofa. While executing each action, the
executor utilizes information provided by the tracking system
in order to better keep track of own position in the
environment. When the executor reaches the final position, it
notifies the supervisor. It is worth to notice that all
communication and synchronization is enabled by the
exchange of the tuples through the distributed tuplespace.

V. COMPARATIVE STUDY
We conducted a comparative study in order to detect gaps
which existing middleware do not address, indicate caveats in
a design of a distributed middleware, and help developers to
avoid them. We use it to drive further development of a
middleware framework for the extended RHEA scenario.
Three tables presented in this section summarize mapping
between challenges (columns) from the Section 3 and selected
middleware implementations (rows). Fleet realization
challenges discussed in the Section 3.A are reviewed in Table
1. Environment specific are included in Table 2 and task
entailed are shown in Table 3.

E. MarketE [14]
This middleware exploits market architecture to maximize
information gain while minimizing incurred costs [14]. It uses
the concept of market economies, which are distributed
systems where individuals exchange goods and services by
establishing contracts. Here, multiple robots interact in a
distributed fashion to attain global goals in the efficient way
by maximizing their profits.

In Table 1, the column names stand for: CS - Control
Structure referring to centralized or distributed control, RD Robots Diversity referring to heterogeneous or homogeneous
robots, 3C - Communication, Collaboration and Coordination,
AUT for autonomy, MD & TA - Mission Definition and Task
Allocation, and SEM - Semantics.

Authors in [14] utilize 10 robots equipped with a ring of 16
ultrasonic sensors to construct occupancy grids of the
environment as the robot navigates. Robots aim to build a map
of an indoor space (45m x 35m) cluttered with many
obstacles. The success of mapping is quantified as a metric
that is proportional to the area covered by a particular robot
and inversely proportional to the cost incurred (traveled
distance). Results show that robots were more efficient when
they coordinate using the market model to exchange maps;
they covered wider area than in the case where they were
concurrently exploring the area.

ALLIANCE is a distributed software architecture (Table 1,
CS = D) that facilitates fault tolerant cooperative control
(Table 2, RS) of heterogeneous (Table 1, RD = Het) mobile
robots. The control is distributed and supported via control
mechanisms deployed on all robots. Robots have different
abilities, e.g., different sensors and actuators. Information
sharing occurs when each robot broadcasts (Table 1, 3C =
Broadcast) a state of its current actions on which other robots
are listening. Collaboration is attained through the common
work on same tasks. If one robot cannot finish a task it is in
charge of, within the required time, or is not able to finish it at
all, other robots will be notified (Table 1, AUT). Due to the
implemented features, especially of the support for distributed
and heterogeneous robots, ALLIANCE partially satisfies the
requirements of the extended RHEA scenario, however it
lacks support for fine-granular mapping of the mission into a
set of tasks and for task allocation.

F. KAoS HART (Human-Agent-Robot Teamwork) [15]
KAoS HART [15] is a middleware that supports
coordination in a mixed-team with adaptive autonomy where
human-robot interaction takes place. Due to its hierarchical
organizational structure, control is centralized and performed
by the team leaders. A team leader defines a common goal and
monitors its execution. Other team members follow the leader.
Team members register at centralized directory service where
they publish a description of capabilities they provide. This
enables them to perform a lookup for desired services and
match them against their own requirements. Coordination

In MARTHA the Central Station coordinates and monitors
robots which perform transshipment tasks in a harbor. Due to
the centralized control (Table 1, CS = C), the framework is
able to control both heterogeneous and homogeneous robot
(Table 1, RD = Gen). Whenever a robot produces a plan,
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TABLE I. MIDDLEWARE COMPARED AGAINST FLEET REALIZATION

PEIS solution addresses all challenges summarized in
Table 1. Decentralized control (Table 1, CS = D) is identified
as a main requirement in the peer-to-peer PEIS-Ecology. The
solution to decentralization is based on advertisements by each
PEIS-component in the same space where this component
runs. Distributed tuplespaces enable each component to make
a decision locally (Table 1, 3C = Tuplespace), within its own
decision space rather than having a central decision making
system. Furthermore, to establish information sharing between
heterogeneous components (Table 1, RD = Het), each PEIS
component displays its services and functionalities by sending
XML based messages. Components use cooperation model
based on the linking of functionalities: each PEIS component
is able to use services provided by other PEIS component
complementing its own functionalities (Table 1, AUT). The
semantics is introduced to overcome the issue of
heterogeneous distributed components (Table 1, SEM). PEIS
approach can be used to address all basic challenges in the
RHEA and therefore can serve as a solid basis for
development of additional, more complex coordination and
collaboration algorithms. Semantic resource description is a
comparative advantage over the other frameworks which
makes a whole system easy extendable.

CHALLENGES

Name

CS

RD

3C

AUT

ALLIANCE

D

Het

Broadcast



MARTHA

C/D

Gen

Plan Merging



MD & TA

SEM

Local task
planning

Collaborative

C

Het

PEIS

Broadcast,

Market-based

Bidding

Tasking
D

Het

Tuplespaces



Tuple



collection
MarketE

D

Gen

Price-map



Tasks trading

exchange
KAoS HART

C

Het

Policies



Uusing



utterances

which uses some shared resources, cells or trajectories, it
advertises it, and collects from other robots their resource
usage plans. Then it produces a coordinated plan and informs
the other robots of events like cells exit or particular point
traversal on trajectory (Table 1, 3C = Plan Merging).
Furthermore, different strategies for plan coordination are
proposed, with the local scope of planning actions, instead of a
global. This means that robots plan their actions locally
instead of receiving them from a centralized place (Table 1,
AUT, MD&TA = Local Task Planning). Instead of planning a
whole mission from the beginning, an incremental approach
provides for continuous and fluid tasks execution. In this way
robots can better react on hazardous events. The
communication between robots has higher priority than the
communication with a Central Station, which itself requires a
high bandwidth and reliable communication link. Considering
the system architecture and the use-case, this system
resembles both basis and extended RHEA scenario more than
the others do. Introducing local and incremental approaches
for a mission planning on each robot could increase autonomy
of the robots in RHEA scenario.

MarketE distributes control mechanisms over the robots
assigned to explore a certain area (Table 1, CS = D). Each
robot, which implements negotiating algorithms can
participate on a market (Table 1, MD & TA = Tasks trading)
and therefore compete for announced resources. Thus, the
framework supports both heterogeneous and homogeneous
robots (Table 1, RD = Gen). The robots make decisions by
communicating price information and continuously
negotiating with others to improve their plains (Table 1, 3C =
Price-map exchange). In addition, robots explicitly share their
maps of visited, explored, areas in exchange for revenue
(Table 1, AUT). Developed framework exposes results that
show how the collaboration between robots increases task and
mission efficiency. Therefore, the extended RHEA scenario
could benefit from the concepts of MarketE middleware.
KAoS HART is a middleware with centralized control
(Table 1, CS = C) that supports coordination in a mixed-team
where human-robot interaction takes place. Mixed humanrobot teams introduce heterogeneity in the framework (Table
1, RD = Het). The framework uses policies implemented in
OWL (Web Ontology Language) as rules for dynamically
regulating behaviors imposed by different components (Table
1, 3C = Policies, SEM). Policies are used for a mapping
between natural language and commands which are basis for a
successful coordination between team leaders and team
members. The commander uses same policies to decompose a
mission into tasks, and by utilizing utterances it delegates
those tasks to specified team (Table 1, MD & TA =
Utterances). RHEA can benefit from utilizing policies
approach in coordination mechanisms that could be distributed
over the robots.

Collaborative Tasking approach automatically designs and
re-designs tasks for a group of heterogeneous (Table 1, RD =
Het) unmanned vehicles. It uses a central agent (Table 1, CS =
C), taskLead, who runs the bidding processes (Table 1, 3C =
Bidding). The taskLead agent runs the Collaborative Tasking
Module which decomposes a high-level mission tasks into
executable tasks and broadcasts (Table 1, 3C = Broadcast)
these to the robots in charge for performing them. Robots are
heterogeneous with complementary services that are combined
together towards successfully achieving mission goals. Each
robot knows a set of tasks it is capable to perform, as well as
the cost of performing a specific task under current
circumstances. The middleware supports market-based task
allocation (Table 1, MD & TA = Market based) through the
implementation of the extended version of the standard
Contract Net Protocol called Collaborative Tasking Protocol
(CTP). General features of the framework can be applied to
basis RHEA scenario because the framework has a central
place which makes a final decision on a mapping between
tasks and robots, while robots cannot autonomously select
tasks.

In Table 2 column names stand for: DM - Disconnected
Mode, RS - Robustness, ADAPT - Adaptability, EB Emerging Behaviors and DTM - Dynamic Team Formation.
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TABLE II. MIDDLEWARE COMPARED AGAINST ENVIRONMENT SPECIFIC

TABLE III. MIDDLEWARE COMPARED AGAINST TASK SPECIFIC

CHALLENGES

Name

DM

RS

CHALLENGES

ADAPT

ALLIANCE





MARTHA





Collaborative



EB

DTM

Name



RSD

HRI

CA







Collaborative



Tasking

PEIS

KAoS HART

AK


MARTHA

Tasking

MarketE

SCL

ALLIANCE










PEIS



MarketE



KAoS HART






ALLIANCE has control mechanisms that rely on different
sets of behaviors (Table 2, EB) where the activation of a
certain behavior depends on: (1) the efficiency of performing a
local task, and (2) how efficiently the teammates are
performing their tasks. The framework tackles adaptability
(Table 2, ADAPT) and emerging behavior as prominent
challenges imposed by the extended RHEA scenario. Since
robots in MARTHA plan the mission locally, instead of

sharing encourages robots to learn about actions and
knowledge of peers (Table 3, AK). At the same time,
exchanged information is also presented to the users building a
basis for human-robot interaction (Table 3, HRI). The fact that
robots are enriched by having knowledge about teammates,
would enhance the efficiency of coordination mechanisms also
in the RHEA scenario. Consequently, coordination can be
transferred from a central place to distributed robots.

communicating it with the Central Station, they expose
certain level of robustness and fault tolerance (Table 2, RS).
Furthermore, the local mission planning system increases
adaptability and autonomy levels (Table 2, ADAPT) and thus
could be a pertinent feature to implement in the RHEA
scenario. Collaborative
Tasking Module integrates
mechanisms for handling unsuccessful task allocation
processes as a means for robustness (Table 2, RS). PEIS
framework does not directly address any of the challenges
related to the open environment because it is designed to
operate in the structured and controlled environments.
However, it supports semantic resource modeling that makes it
easy adaptable to various use-cases.

MARTHA proposes incremental resource discovery (Table
3, RSD) and acquisition process as a more flexible way of
adaptation to dynamically changing environment. Humanrobot interaction in MARTHA is bidirectional: on the one
hand, robots receive a high-level mission from an external
user and on the other, they continuously send their status to
the Central Station (Table 3, HRI). External user in RHEA has
a wider set of functionalities on a disposal, which can be
utilized for a robot control as well. In Collaborative Tasking
when a task is injected, each vehicle estimates its cost to
perform the task taking into account remaining consumables,
required effort, its other pending tasks, and user specified
preferences (Table 3, CA). A high-level mission definition is a
product of a remote operator who uses a specific device with a
customized user interface (Table 3, HRI). Costs awareness is a
feature desired also in the RHEA scenario.

Due to the communication uncertainties in MarketE, the
robots are equipped with mechanisms to retain system’s
functionalities with zero communication (Table 2, DM).
Robots´ actions are triggered by arrival of messages that
contain goals the robot is going to execute. If for some reason
the robot did not receive a message it expected, either due to a
communication problem or due to its peer’s failure, it has to
be able to proceed with a task rather than indefinitely wait.
Hence, unreliable wireless communication does not disable a
team to perform tasks, but can reduce its efficiency (Table 2,
RS). Retaining operation capabilities in a case of a reduced or
even broken communication is a desired feature of robotic
fleet systems and very relevant in the extended RHEA
scenario. KAoS HART supports dynamically changing
policies and therefore can accommodate changes imposed by
volatile environment (Table 2, RS). Furthermore, using
utterances that are mapped to commands utilizing policies, the
system can easily and dynamically form teams (Table 2,
ADAPT, DTM).

PEIS implements dynamic join and leave of components
(Table 3, SCL). Each PEIS-component describes in a formal
way services it offers, together with required input and output
ports, dependencies, type of data, etc. By having uniform
semantic-based services description, all heterogeneous
components are able to communicate and cooperate (Table 3,
RSD). MarketE easily scales and the new robots only have to
implement desired negotiation algorithms in order to
participate in a mission (Table 3, SCL). An additional feature
of the policies in KAoS HART is to provide a scalability
support (Table 3, SCL). When a new robot joins, it
automatically acquires the intelligence possessed by the
others. User interface provides a user with information from
robots, such as position, state, video, thereby, enabling
monitoring of the system behavior (Table 3, HRI). As policies
support a wide set of features the RHEA scenario can benefit
from implementing them. Policy-based automatic mapping
between task requirements and available resources in the
RHEA makes the coordination process more flexible.

In Table 3 column names stand for: SCL - Scalability, AK
– Aggregated Knowledge, RSD – Resource Discovery, HRI –
Human-Robot Interaction and CA – Cost Awareness.
Robots in ALLIANCE share information about the status of a
task they are performing with teammates establishing mutual
support and enhancing mission’s efficiency. Information
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VI.

[9]

CONCLUSION AND FUTURE WORK

Designing middleware for application in complex robotic
systems requires that many challenges related to the fleet
operation are being addressed. In this work we focus on a
robotic fleet operating in an unstructured environment, in
particular in precision agriculture scenario introduced by the
RHEA project, aiming at extracting middleware challenges
common for similar use-cases.

[10]

[11]

[12]

The paper presents identified challenges classified in three
domains of concern: (1) general fleet realization, (2)
environmentally entailed challenges, and (3) task specific
challenges. The latter two are specific for the fleet application.
The benefits of some of the design options are already well
understood: the solution that enables decentralized control of
autonomous and heterogeneous robots has advantage over the
one which lacks those features. Specific tasks and
environments introduce a set of additional design constraints
that are critical for operation in missions with high
uncertainty.

[13]

[14]

[15]

[16]

The review of existing solutions revealed to us that the
semantic-based task and service description is an approach
that only a small number of solutions pursue. This motivates
our future work on the extended RHEA scenario to be steered
in that direction, in particular focusing on extension of a
semantic solution that combines space-based middleware with
semantic modeling, processing and reasoning.

[17]

[18]
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Abstract—This article was intended to present the
contributions and fundamental components of a tool for
predictive control of nonlinear systems. Indeed the study has
been devoted to the one step ahead predictive control law. The
importance of this type of control is its effect by operation of the
feedforward path to follow in the future, on the other hand, it is
possible to exploit fully the information of predefined
trajectories, the purpose of this strategy is matching the output of
the process with setpoint
in the future. By cons most
conventional control laws will not bring into account the future
behavior of the command to the present. In this work a fixed step
on head predictive control with input constraints has been
applied to a nonlinear system, that of a cart with pendulum in
order to control cart position while maintaining the angle of
pendulum to the equilibrium position in presence of input
constraints (force amplitude)

The complexity of this system lies in the fact that it is a
nonlinear system, unstable open loop and under powered ,
meaning that with a single input we should control two
output variables.
After presenting the principle of a fixed one step ahead
predictive control with input constraints, a mathematical
model is developed for our nonlinear system to validate and
test the proposed control, simulations were conducted through
which the control performance is evaluated
II.

NONLINEAR PREDICTIVE CONTROL

Consider the nonlinear system

I.

+∑
=ℎ

=

Keywords— one step ahead predictive control, cost fonction,
pendulum’angle, nonlinear system, input constraints.

INTRODUCTION

1

Where x (t) is the vector of state variables, u (t) is the
control vector and y (t) is the output vector, the functions f, g,
h are assumed to be real and have continuous partial
derivatives .

The concept of predictive control is the creation of an
anticipatory effect, this control structure, developed for linear
systems, has experienced a real boom as advanced control
technology since the 80s [1]. This growth is due to its
robustness vis-à-vis the structured or unstructured
uncertainties. In general, the dynamic model of physical
processes is nonlinear and the establishment of predictive
control laws for these processes requires minimizing the cost
function online, which is an operation very complex [2]. To
avoid this problem of online optimization, nonlinear predictive
control several off-line have been proposed [3] [4][5].

The classical goal in control is to impose the output of the
controlled system to achieve a setpoint as quickly as possible
[6]. In the predictive context, the predicted tracking error is
minimized over a finite horizon. The model prediction of a
nonlinear system is a continuous function that allows us to
calculate the system output at future time (t + h), where h> 0 is
the prediction horizon.
The predictive model output based on the Taylor series
expansion is given by,

The prediction of tracking discard at one step is obtained
using Taylor expansion of order ri of the output signal and
reference, where ri is the relative degree of the ith system
output, the solution of the minimization a quadratic criterion at
one step establishes the control law.

Where

In this paper a fixed one step ahead nonlinear predictive
control with input constraints is applied to the cart with
pendulum system. The choice of such systems is motivated by
the complexity of their dynamic behaviors. These systems are
often used in research laboratories to validate the control laws
developed theoretically [1]-[2].

With
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The optimal solution is then obtained by minimizing
the criterion (5) for the nonlinear system (1) compared to
control vector u (t)
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Or in a matrix form

The objective of one step ahead predictive control
nonlinear is to find a control law u (t) which coincides
the output y (t) with the reference trajectory yref (t) at
time (t + h) [3]. So the criterion is to minimize the
following functional:
1
4= >
2

+ℎ

(6)

Umin≤ u(k) ≤ Umax

With

$5! , <, =,

,ℎ −

As the optimal solutions will be obtained using
quadratic programming, the constraints need to be
decomposed into two parts to reflect the lower limit and
the upper limit with opposite sign. In case of input
constraints which are the most commonly encountered
among all constraint types, we demand that

B. One Step Ahead Predictive Control

;1 ,

$5!

+

E, F: are compatible matrices and vectors in the
quadratic programming problem. Without loss of
generality, E is symmetric and positive definite.

In case this is not checked, a trajectory model of
exponential type is used to generate the reference trajectory
yref (t) from the setpoint yd (t) [5]. The reference trajectory
yref (t) is in this case the solution of differential equation:

$5!

=GH

The cost function given by (5), can be written in
quadratic form expressed as

Where
( ,ℎ = (

+ℎ −
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C. One Step Ahead Predictive Control with Input Constraints

Therefore we can apply the Taylor expansion of order r to
the reference signal:
+ℎ =

=Λ

Where e (t) is the tracking error

A. Reference Trajectory
For the output y (t) of nonlinear system (1) can follow the
reference trajectory yref (t), it must be r differentiable, where r
is the relative degree of the output y (t). This condition ensures
the controllability of the output along the setpoint yref (t) [7].

$5!

F

=E Λ

1
+ B
2

BC

m: Number of inputs
So the objective of one step ahead predictive control,
which allow us to find the control law in a way that
coincides the output with the desired trajectory and that
satisfied the input constraints, can be expressed by the
following functional:

5

;=
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With

Where

Y=L

−U
−Z
N ; 8 = Q STU X
USVW
Z

Z=

Once the problem of control is translated in a
quadratic function (9), a simple quadratic programming
algorithm can be used to find the control law; in this
work Lagrange method is chosen.
III.

]_
12

Recall that the state representation for nonlinear
systems is as follows:
=

MODELING OF CART WITH PENDULUM SYSTEM

The cart with pendulum is a multi-variable nonlinear
unstable with fast time constants. It is a system with two
degrees of freedom, which are represented by two
generalized coordinates, x for the horizontal movement
of the cart, θ for the rotation of the pendulum [10] [11].

+∑
=ℎ

7

Suppose the state vector x = (x1 x2 x3 x4)
Where
= c

c

et

=J

Matrices of state representation is given by
i
− \ + ] ] _b)d + (
− ]_`ab ]_b)d
+^ j
h
] + \ ]_ + Z − ]_`ab
h
=h
j
h−]_b)d 1 ]_ + Z
+ ]_ `ab 4 − ]_`ab ( − ]_ + Z ^
h
] + \ ]_ + Z − ]_`ab
g

0
i
]_`ab
h
] + \ ]_ + Z − ]_`ab
=h
0
h
]_ + Z
h
g ] + \ ]_ + Z − ]_`ab

Fig. 1. Diagram of cart with pendulum system

With
m : Pendulum mass
M : Cart mass
l : half length of the pendulum

ℎ =

F(t) : force exerted on the cart

ℎ =

d : friction pendulum
b : friction movement of the cart

m
l
l
l
l
k

n

APPLICATION OF ONE STEP AHEAD PREDICTIVE
CONTROL WITH INPUT CONSTRAINTS TO CART WITH
PENDULUM SYSTEM

IV.

x(t) : position of the cart
θ(t) : pendulum’s angle
g : intensity of gravity

To illustrate the effectiveness of the nonlinear
predictive control with input constraints on our system,
cart with pendulum, digital simulations were made on it.
Whose goal is to walk the cart along a setpoint trajectory
while keeping the pendulum in the equilibrium position
and respecting input constraints: Force amplitude, where
two cases are chosen: in the first one the force amplitude
is limited by 20: Umin=-20N, Umax=20N, in the second
case : Umin=-10N, Umax=15N

By applying Newton's second law, we obtain the
dynamic equations of the system [11]:
[

m
l
l
l
l
jl
k

\ + ] + ^ + ]_`abcc7 − ]_b)dcc = J
]_ 7 `abc + ]_ + Z c7 + (c − ] _b)dc = 0
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position error
0.02

The following values are used to simulate our
system:

0.015
0.01

g=9.81m/s2;

M=2.4kg; m=0.23kg; l=0.36m;
b=0.05Ns/m; d=0.005Nms/rad;

0.005
0
m

To evaluate the dynamics of the cart and pendulum, it
was considered that the cart must follow a sinusoidal
trajectory: yref(t)= 0.5sint and that the pendulum must
maintain the equilibrium position of 0 rad.

-0.005
-0.01
-0.015

Using the Taylor expansion of order (r1 = r2 = 2 ) ,
we obtain:
H

+ℎ =H

+

-0.02

,ℎ − ( ,ℎ +Λ ℎ
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Fig. 2.b. Error between reference and output position
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0.3

-0.1
-0.2
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For our command structure simulations were
performed to obtain the optimal values of adjustment
parameters, including tuning parameters are obtained:
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h=0.0008; R=0.000001; Q=[10 0;0 10000];
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Fig. 2.c. Angle pendulum reference and output
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Fig. 2.a. cart position reference and output

0

10

20

30

40

50
t(s)

60

70

80

90

Fig. 2.d. Error between reference and output angle

136

100

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

pendulum angle
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Fig. 3.c. Angle pendulum reference and output

Fig. 2.e. Control (force) applied
Fig. 2. One step ahead predictive control of cart with pendulum system
with input constraints Umax=20, Umin=-20
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Fig. 3. One step ahead predictive control of cart with pendulum system
with input constraints Umax=15, Umin=-10

Fig. 3.b. Error between reference and output position
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The control parameters Q= [10 0;0 10000],, R=10-6In and h is
set to 0.0008. Simulation results are show in Figures 2 and 3.
These Figures give the cart position with reference position,
pendulum angle with angle reference position and angle
tracking errors also the applied force .

position and angle of the pendulum all with respecting
input constraints (force amplitude). The simulation
results clearly show the effectiveness of this approach in
terms of references tracking (cart position, angle
pendulum)and respecting input constraints. The control
objective is achieved with good accuracy despite the
system are unstable. Finally the major drawback of one
step ahead predictive control is the need to perform
several simulations to obtain numerical values of
optimal parameters settings.

The simulation results clearly show the effectiveness of the
one step ahead controller with input constraints in terms of:
References tracking ( cart position , pendulum
angle) where results show a good dynamic

tracking cart position (x (t)) and the
equilibrium position of pendulum where the
angle output takes a very small value which
allow it to stay in the equilibrium position ,
Through these simulation results performed
on the nonlinear model of the system, we
can see that the one step ahead predictive
control law has stabilized the system as well
as tracking regulation. This stabilization is
achieved by holding the pendulum at its
equilibrium position. In spite of various
disturbances on the system applied
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to bring the sphere to a desired position with a desired
orientation. The second strategy uses a specific kinematic
model and generates a trajectory comprised of straight lines
and circular arc segments. Mukherjee and Das et al. [10]
proposed two computationally efficient path planning
algorithms for a rolling sphere. Moreover, reconfiguration of a
rolling sphere with the perspective of evolute–involute
geometry was given in [11]. Shourov Bhattacharya and Sunil
K. Agrawal deduced the first-order mathematical model of a
kind of spherical robot from the non-slip constraint and the
conservation of angular momentum and studied its trajectory
planning based on the strategy of optimal time and energy,
simulations and experiment results were presented [12, 13].
Bicchi, et al. [14, 15] established a simplified dynamic model
for a spherical robot and discussed its path planning on a plane
with obstacles. Joshi and Banavar et al. deduced the kinematics
model of a spherical robot using Euler parameters and
investigated the path planning problems [16, 17]. Based on the
Ritz approximation theory, the near-optimal trajectory of BHQ2 was planned with the Gauss-Newton algorithm in [6].

Abstract— Spherical mobile robot has good static and
dynamic stability, which allows the robot to face different kinds
of obstacles and moving surfaces, but the lack of effective control
methods has hindered its application and development. In this
paper, we propose a direct approach to path planning of a 2DOFs (Degrees of Freedom) spherical robot based on Bellman’s
“Dynamic Programming” (DP). While other path planning
schemes rely on pre-planned optimal trajectories and/or
feedback control techniques, in DP approach there is no need to
design a control system because DP yields the optimal control
inputs in closed loop or feedback form i.e. after completing DP
table, for every state in the admissible region the optimal control
inputs are known and the robot can move toward the final
position. This enables the robot to function in semi- or even nonobservable environments. Results from many simulated
experiments show that the proposed approach is capable of
adopting an optimal path towards a predefined goal point
from any given position/orientation in the admissible region.
Keywords— spherical mobile robot; path planning; Dynamic
Programming.

I.

According to the above review, the motion analysis of
spherical robot have been considered in two different aspects:
first is the path planning of spherical robot which means
finding an optimal trajectory between the initial and final states
and second is tracking the desired trajectory via controlling
motion of the robot [18, 19].

INTRODUCTION

In recent years, the spherical mobile robot as a member of
the new type of mobile robots has made its debut, which
consists of a ball-shaped outer shell to include all its
mechanism, control devices and energy sources in it. There are
many advantages to the use of spherical robot designs, for
example the spherical shape allows the robot to face different
kinds of obstacles and moving surfaces, since a rolling ball
naturally follows the trajectory of least resistance and they
cannot be overturned. So they have the advantage to survive in
such unmanned or hazardous environment as outer planets,
deserts and earthquake ruins, to do some exploration or
reconnaissance tasks [1-6]. The status of the design of spherical
rolling robots is reviewed in [7].

In this paper, path planning of a 2-DOFs pendulum-driven
spherical mobile robot is considered using Bellman’s Dynamic
Programming (DP). DP is used to find an optimal trajectory
between the initial and final positions via finding the
corresponding control inputs. In our proposed method, there is
no need to design a control system because DP yields the
optimal control inputs in closed loop or feedback form i.e. for
every state in the admissible region the optimal control inputs
are known and the robot can move toward the final position.

From the perspective of control, spherical robot is a kind of
non-holonomic system that can control more degrees of
freedom with fewer drive inputs. Due to the complexity of its
control problems, there still have no effective control
methodologies for spherical robot, although some researchers
devoted significant work. A three-step algorithm to solve the
path planning of a sphere rolling on a flat surface was proposed
by Li and Canny [8]. Using individual control inputs, two
algorithms were presented for partial and complete
reconfiguration in [9]. The first strategy uses spherical triangles

The outline of the paper is as follows. The kinematic model
of the spherical robot is described in section 2. In section 3, a
brief description of DP and its implementation for the spherical
robot are presented. Section 4 provides simulation results
through MATLAB.
II.

KINEMATIC MODEL OF THE SPHERICAL ROBOT

This paper focuses on a simple spherical robot that can be
developed using a pendulum based design. Fig. 1 shows a
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schematic of the internals of a robot called Rotundus. This
design consists of two motors. One of them is attached to the
horizontal axis that goes through the sphere. In the center there
is a pendulum that drops down. When the motor is activated,
the sphere will move as long as the weight of the pendulum has
enough inertia that it is easier for the casing to spin than the
pendulum to go around. The pendulum can move to the left and
right by the other motor, causing the robot to turn. So it has a
pendulum with 2 DOFs [7].
Consider the motion of a sphere on a flat plate (rolling
without slipping). The contact point can be represented as
follows in the coordinate system attached to the sphere center.
(

)

(

)

Fig. 2. Holonomy angle in spherical robot

III. PATH PLANNING USING DP
Once the performance measure (cost) for a system has been
chosen, the next task is to determine a control function that
minimizes this criterion. One of the methods of accomplishing
the minimization is Dynamic Programming developed by R. E.
Bellman. This method leads to a functional equation that is
amenable to solution by digital computer.

( )

where ρ,ϕ,θ are variables specifying a point in the spherical
coordinates. The contact trajectory on the plate is specified by
C=(x,y) in the xyz-coordinates attached to the plane. The
contact trajectory on the sphere is indicated by C'= (θ,ϕ) in the
coordinates attached to the sphere. In Cartesian coordinates, the
rotation angle of the sphere with respect to the surface is the
angle between two coordinate systems at the contact point (see
Fig. 2). This angle is known as the “holonomy angle”,
indicated by ψ. The solution of the forward problem in which
we seek C with knowledge of C' is obtained as follows [20,
21]:
̇
{ ̇

(

̇

̇

( ̇

̇
̇

The following subsection gives a brief description of DP
and implementation of it to our path planning problem is
explained after [22, 23, 24].
A. Description of DP
The closed loop or feedback optimal control equation is
called the optimal control law, or the optimal policy. The
optimal control law specifies how to generate the control value
at time t from the state value at time t. In DP an optimal policy
is found by employing the intuitively appealing concept called
the principle of optimality. This principle states that “An
optimal policy has the property that whatever the initial state
and initial decision are, the remaining decisions must constitute
an optimal policy with regard to the state resulting from the
first decision.” DP is a computational technique which extends
the decision-making concept to sequences of decisions which
together define an optimal policy and trajectory. In other
words, instead of trying all allowable paths leading from each
state to the final state and selecting one with lowest cost which
is an exhaustive search, DP considers the application of the
principle of optimality. To formulize the computational
algorithm for a routing problem the following notation is
introduced:

)
)

( )

̇

where the input variables are θ and φ. These variables
represent a trajectory on the sphere. Since the inputs needed to
drive the spherical robot are θ and φ, equation (2) corresponds
to the forward kinematics of the robot.
The robot speed is low enough to neglect the dynamics
involved, thus the sphere- plate contact point stays always
underneath the mass suspended down the pendulum.
Therefore, by determining θ and φ, the center of mass and
consequently the position of the contact point could be
determined from equation (1). As explained before, the motors
position the pendulum inside the sphere to change the mass
center for a desired move. Thus by changing θ and φ we can
find a trajectory which shows the contact point trajectory on
the sphere. Then, using equation (2) we can find x and y
which represent the contact point trajectory on the plate.

(

)

(
( )

(

)

By using this notation the principle of optimality implies
that
Fig.1. Schematic of the intervals of a pendulum-driven spherical robot
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( )
and the optimal decision at α,u^* (α), is the decision that leads
to

̇

- DP uses the principle of optimality to reduce dramatically the
number of calculations required to determine the optimal
control law.

( ̂)
( ̂)
( ̂)
( ̂)
̇

̇
̇
̇
̇

we have:
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The performance measure (cost) to be minimized here is
the energy consumed by the stepper motors, because the
energy source of the robot is inside the spherical shell.
and
are the angular velocities of stepper
Assuming
motors for shaft and pendulum, respectively. Then the cost
function can be defined as follows:

By substituting these equations in the kinematic model of
the spherical robot obtained in section II we have:
(

→

̂̇

̂ ) is referred to as the th value of and is denoted by
̂(
̂( ). So the system difference equation can be written
)
̂(
̂ ( ̂̇ ( )
( )
( ) ̂̇ ( )
( )) ( )
̂( )
In a similar manner for the other states we have:
)
̂(
̂
̇
̂
( )
( ) ̂̇ ( )
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( ( )
̂
̂ ( ̇( )
(
)
( )
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( )
where T is the total duration of motion and ρ is the radius of
the spherical shell.
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It will be assumed that ̂ is small enough so that control and
state variables can be approximated by a piecewise-constant
̂
̂
function that changes only at instants ̂
(
̂ (
) ̂; thus, for ̂
),
] ̂)
̂([
̂
̂)
̂ ( ̇(
̂)
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B. Implementation of DP for path planning of spherical robot
In this subsection, the process of implementing DP for the
spherical robot to find a set of optimal motions to reach the
final position is explained. For convenience dimensionless
kinematic equations are obtained and used here.
̂
̂
̂

̂̇

̂̇
̂̇
̂̇
( )
̂
̂
̇
̇
where and are the control variables. Before the numerical
procedure of DP can be applied, the system differential
equation must be approximated by a difference equation. This
can be done most conveniently by dividing the time interval
̂
(
) into N equal increments,
( ̂ ).
Then we have:
̂ ) ̂( ̂ )
̂( ̂
̂̇
̂
̂̇ ( ̂ )
( ̂)
( ̂ ) ̂̇ ( ̂ )
( ̂)

- DP yields the optimal control in closed loop or feedback form
i.e. for every state value in the admissible region the optimal
control is known.

and ̂

)

̇
( )
Consider the following equation of the spherical robot

- Since a direct search is used to solve the functional recurrence
equation, the solution obtained is the absolute (or global)
minimum. DP makes the direct search feasible because instead
of searching among the set of all admissible controls that cause
admissible trajectories, we consider only those controls that
satisfy an additional necessary condition-the principle of
optimality.

̂

)
̂̇

̂̇

̂̇

→

̇

( ̂̇

̂̇

→

{
}
( )
These two equations define the algorithm Dynamic
Programming. The routing problem should be “solved” in a
table, where only the consequences of lawful decisions are
included. Once the table has been completed, the optimal path
from any state to the final state can be obtained by entering the
table at the appropriate state and reading off the optimal
heading at each successive state along the trajectory. Some
characteristics of DP solution are as follows:

Assuming ̂

( ̇
̇

)

∫ (

̂̇
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admissible values of the state and control variables are
constrained as follows:
( )
( )

We have the following relations for our spherical robot gears:
̇
→
̇
̇
→
( )
̇

( )

So the cost function can be written as:
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∫ ((
Or we can define it as:
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)

̂ (

)

(

)

̇( )
To limit the required number of calculations, and thereby
make computational procedure feasible, the allowable state
and control values must be quantized. Here, it will be assumed
that the quantized values are as follows:
( )
( )
( )
( )
̇( )
̇( )
The simulated optimal trajectories through the DP process
are as follows. The approximated trajectory is obtained by
neglecting the computational “grid” point error. The exact
trajectory is obtained by giving the sequence of optimal
controls to the system.

By substituting the dimensionless relations we have:
∫( ̇
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and is the dimensionless cost function. In a similar way this
function becomes:
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Fig. 1. Approximated trajectory obtained by DP
)
(
) (

) ]
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Now the method of DP can be applied to the path planning
problem.
IV.

SIMULATION RESULTS

In this section, some simulations through MATLAB,
including the optimal trajectories found by DP, are presented.
Assuming the spherical robot rolls without slipping on a
plane and the initial and final states of the robot to be
(
) (
), and
(
) ( ),respectively
(there is no constraint on the value of ). Radius of the robot
is assumed to be
, the specified final time is assumed
to be
,
(a ten-stage process) and the

Fig. 2. Exact trajectory obtained by DP
)
(
) (

142

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

[5]

Y. Cai, Q. Zhan, and X. Xi, "Path tracking control of a spherical mobile
robot," Mechanism and Machine Theory, vol. 51, pp. 58-73, 2012.

[6]

Q. Zhan, Y. Cai, and Z. Liu, "Near-optimal trajectory planning of a
spherical mobile robot for environment exploration," in Robotics,
Automation and Mechatronics, 2008 IEEE Conference on, 2008, pp. 8489.
V. A. Crossley, "A literature review on the design of spherical rolling
robots," Pittsburgh, PA, 2006.

[7]
[8]

Z. Li and J. Canny, "Motion of two rigid bodies with rolling constraint,"
Robotics and Automation, IEEE Transactions on, vol. 6, pp. 62-72,
1990.
[9] R. Mukherjee, M. A. Minor, and J. T. Pukrushpan, "Simple path
planning strategies for spherobot: a spherical mobile robot," in Decision
and Control, 1999. Proceedings of the 38th IEEE Conference on, 1999,
pp. 2132-2137.
[10] M. A. Minor and J. T. Pukrushpan, "Path planning for a spherical mobile
robot: Revisiting the classical ball-plate problem," Ann Arbor, vol.
1001, p. 48109, 2002.
[11] R. Mukherjee, "Reconfiguration of a Rolling Sphere: A Problem in
Evolute-Involute Geometry."
[12] S. Bhattacharya and S. K. Agrawal, "Design, experiments and path
planning of a spherical rolling robot," in Robotics and Automation,
2000. Proceedings. ICRA'00. IEEE International Conference on, 2000,
pp. 1207-1212.

Fig. 3. Comparison between exact and approximated trajectories

It is obvious that the straight line is not the optimal path
between the two points because the initial holonomy angle of
the robot is important and the cost function should be
minimized.
An important point here is that once the DP process reached
some optimal paths, the obtained table could be used in any
environment even the robot hasn’t experienced them. It means
that giving any initial and final positions, the robot can follow
an optimal path to reach the final position according to DP
table.
V.

[13] S. Bhattacharya and S. K. Agrawal, "Spherical rolling robot: A design
and path planning studies," Robotics and Automation, IEEE
Transactions on, vol. 16, pp. 835-839, 2000.
[14] A. Marigo and A. Bicchi, "A local-local planning algorithm for rolling
objects," in Robotics and Automation, 2002. Proceedings. ICRA'02.
IEEE International Conference on, 2002, pp. 1759-1764.
[15] A. Bicchi, A. Balluchi, D. Prattichizzo, and A. Gorelli, "Introducing the
“SPHERICLE”: an experimental testbed for research and teaching in
nonholonomy," in Robotics and Automation, 1997. Proceedings., 1997
IEEE International Conference on, 1997, pp. 2620-2625.
[16] V. A. Joshi and R. N. Banavar, "Motion analysis of a spherical mobile
robot," Robotica, vol. 27, pp. 343-353, 2009.

CONCLUSION

Path planning of a 2-DOFs pendulum-driven spherical
mobile robot is considered using Bellman’s Dynamic
Programming (DP). The robot finds a trajectory with minimum
energy consumption through DP. The proposed approach path
planning of the robot through DP has a big advantage: there is
no need to design a control system because DP yields optimal
control inputs in closed loop or feedback form i.e. after
completing DP table, for every state in the admissible region
the optimal control inputs are known and the robot can move
toward the final position. For simulation, the forward kinematic
model of robot is used for finding its new position and pose
after each motion. Results show that the proposed approach is
capable of adopting an optimal path towards a predefined goal
point from any given position/orientation in the admissible
region.

[17] V. A. Joshi, R. N. Banavar, and R. Hippalgaonkar, "Design and analysis
of a spherical mobile robot," Mechanism and Machine Theory, vol. 45,
pp. 130-136, 2010.
[18] M. Zheng, Q. Zhan, J. Liu, and Y. Cai, "Control of a Spherical Robot:
Path Following Based on Nonholonomic Kinematics and Dynamics,"
Chinese Journal of Aeronautics, vol. 24, pp. 337-345, 2011.
[19] Z. Qiang, L. Zengbo, and C. Yao, "A back-stepping based trajectory
tracking controller for a non-chained nonholonomic spherical robot,"
Chinese Journal of Aeronautics, vol. 21, pp. 472-480, 2008.
[20] H. V. Alizadeh and M. J. Mahjoob, "Effect of incremental driving
motion on a vision-based path planning of a spherical robot," in
Computer and Electrical Engineering, 2009. ICCEE'09. Second
International Conference on, 2009, pp. 299-303.
[21] M. Kamaldar, M. Mahjoob, M. Haeri Yazdi, H. Vahid-Alizadeh, and S.
Ahmadizadeh, "A control synthesis for reducing lateral oscillations of a
spherical robot," in Mechatronics (ICM), 2011 IEEE International
Conference on, 2011, pp. 546-551.
[22] R. E. Bellman, "Dynamic Programming," Princeton, N. J. :Princeton
University Press, 1957.
[23] R. E. Bellman, and S. E. Drefus, "Applied Dynamic Programming,"
Princeton, N. J. :Princeton University Press, 1962.

REFERENCES
[1]

F. cois Michaud and S. Caron, "An Autonomous Toy-Rolling Robot."
Proceedings of the 2000 PERCARN-IRIS International Symposium on
Robotics (ISR), Montreal Quebec, 2000, pp. 114–119.

[2]

R. H. Armour and J. F. V. Vincent, "Rolling in nature and robotics: A
review," Journal of Bionic Engineering, vol. 3, pp. 195-208, 2006.
S. Mahboubi, M. M. Seyyed Fakhrabadi, and A. Ghanbari, "Design and
Implementation of a Novel Spherical Mobile Robot," Journal of
Intelligent & Robotic Systems, pp. 1-22, 2012.

[3]

[4]

[24] R. E. Bellman, and R. E. Kalaba, "Dynamic Programming and Modern
Control Theory," New York: Academic Press, 1965.

Q. Zhan, T. Zhou, M. Chen, and S. Cai, "Dynamic trajectory planning of
a spherical mobile robot," in Robotics, Automation and Mechatronics,
2006 IEEE Conference on, 2006, pp. 1-6.

143

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

144

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

Atmospheric Electric Field Monitoring For Power
Generation
S.F.M.Mazali, J. Jasni, M.N. Mohtar
Department of Electrical and Electronics
Faculty of Engineering, Universiti Putra Malaysia
Selangor, Malaysia
nazim_upm@upm.edu.my

battery while the thunderstorms will energize back the
electrons that the earth gives off. The potential difference
between ground and ionosphere, at fair weather regions,
generates the atmospheric electric field on the order of 300kV
[2]. Thunderstorm activity also can boost up the measurement
of electric field which usually measured in kV/m thus can
generate electricity. It has been estimated that one lightning
strike has enough energy to light 150,000,0010 light bulbs or
one strike can power a 100 watt light bulb for three months.
These happen when the temperature in surrounding
atmosphere rises to 15000°F (8316°C) – 60000°F (33316°C)
when lightning strikes [2]. Therefore, it is not impossible to
gather electricity from the atmosphere. In order to estimate
energy generation from this source, the electric field generated
from the atmospheric electric charge is measured using Boltek
EFM-100 Electric Field Monitor. Electric field were measured
in three different weathers condition which are fair weather,
cloudy and thunderstorm conditions. The variation of electric
field due to distribution of atmospheric charge is observed.
Furthermore, the relationship between the electric field and
occurrence and distance of lightning is observed.

Abstract— Atmosphere is the largest source of naturally
produced energy on earth because of its atmospheric
electricity. In this project, the energy that can be harvested
from atmospheric electricity is estimated using a formula
for energy per unit resistance by using the data for
atmospheric electric field measured using Boltek EFM –
100 Atmospheric Electric Field Monitor. The atmospheric
electric field is measured in three different weather
conditions which are fair weather, cloudy and
thunderstorm conditions. It is observed that higher electric
field is detected during thunderstorm compared to the fair
and cloudy weather. It has been proven that it is possible
to generate energy from atmospheric electric field. This
project also observed the relationship of an atmospheric
electric field with the distance of lightning and
thunderstorm.
Keywords- atmosphere, electric field, thunderstorm, lightning, field
mill, energy

I.

INTRODUCTION

Energy crisis is a conflict between the generation and the
utilisation of energy and the balance between them. It affects
all aspects of life including economy, social and politics [1].
Currently majority of the energy produced, comes from the
conventional resources, i.e. fossil fuels. As the depletion of the
resources is imminent, people are increasingly concern of the
consequences (social implication, economic crisis, reduction
of energy generation). Possible renewable energies (i.e. solar,
wind) are explored and being consider for the sustainability of
energy generation. Atmosphere considered as the largest
source of naturally produced energy on earth. This is because
in the layer of atmosphere gases there is a regular diurnal
variation of the Earth’s atmospheric electromagnetic network
which is called atmospheric electricity [1]. The electric field is
generated from the cosmic rays, static electricity, lightning and
thunderstorm activities in the cloud. Ideally high electricity
can be generated by lightning. It is due to extremely high
current, voltage and transient electric discharge produced by
lightning. It is a transient discharge of static electricity which
serves to re-establish the electrostatic equilibrium within a
storm environment [1]. The Earth can be considered as a big

II.

METHODOLOGY
A. Configuration of field mill

The electric field is measured using Boltek EFM – 100.
Electric Field Monitor. The electric field mill senses an
electric field by repeatedly expose and shield a series of sense
electrodes to the air. The electric field data displayed and
graphed using the EFM – 100 display software, from the first
approaching of thundercloud which gives a positive field
reading, followed by a field reversal to a negative field as the
cloud moves overhead.
Electric field mill uses a mechanical chopper to
alternately shield and expose several sense plates to an electric
field as shown in Figure 1. An electric charge is drawn from
ground to the plates through a sense resistor when the sense
plates are exposed to the electric field. The field charge is
flows back to ground, again through the sense resistor when
the sense plates are shielded from the field. This moving
charge produced an electric current which is measured as an
AC voltage across the sense resistor. The size of the voltage is
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proportional to the size of the electric field applied to the
plates. Charges that flow onto and off of the sense electrodes
will develop a voltage across the resistor. Thus, the reading
will be detected and displayed in a monitor.

Substituting Eq (1) and Eq (5) into Eq (4):
(6)
Since current;
(7)
and energy;
(8)
where is resistance, the
Energy per unit Resistance

, can be calculated:

Figure 1: EFM-100 Connection Diagram
B. Interpreting Data To Be Used In Future Work
(9)

The data obtained from Boltek EFM-100 Electric Field
Monitor is used to estimate the energy that can be harvested
using a formula based on the concept of capacitance. This is
similarly used to express the work done by battery. The
formulas that will be used to get the energy per unit resistance
are:

III.

RESULTS AND DISCUSSION

The EFM-100 display software is attempted to establish
and maintain a network connection with the remote
computer’s in order to remote a received data from field mill.
The differences of atmospheric energy data can be seen
differently from those various weathers. This software
provides an ideal way to view an electric field data in
reference to alarm annunciator, amplitude range selector, time
range selector and other relevant geographic features of
interest in real time. The history graph and current field
reading can be viewed inside the EFM-100 display software.

(1)
where is the capacitance in Farads of two parallel plate to
store an electrical charge, is electric constant (
), is the area of plates in square metres ( )
and is the distance between two plates.

Different type of weather will affect the electric field
readings. This research is focused in Peninsular Malaysia
which is coordinated on N 2°59’19” latitude and E101°43’29”
longitude where the field mill is mounted at. The atmospheric
electric field data will later be analyzed by comparing with the
peak current of lightning data gained from TNB Research for a
validation purposes using MATLAB software and numerical
method analysis.

Magnitude of charge on the plate is given by:
(2)
where is the voltage. Electric field can be calculated using
(3)
(4)
Thus, voltage, is proportional to electric field, .
Differentiating charge, and voltage, over time,

The result in Figure 1 shows the strength of an electric
field on 26th March 2013. It shows the fluctuation of an
electric field variation in the early morning detected in thunder
weather. The thunderstorm happened once after the other. The
first one happened not very far from the field mill monitor
spot, though the electric field fluctuations were relatively
small which only 10kV/m lightning detection with 13 miles
from the field mill location. Then, the reading of an electric

gived:
(5)

where
is the charge, rate of change and
is the
instantaneous rate of voltage change (volts per second)
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field gets the maximum reading; about 20kV/m with the
lightning detection was only 6 miles away from the field mill
location as shown in field mill monitor system compared to
the rest of the reading taken on that day. The charge structure
of thunderstorm is mostly in dipolar and in negative polarity of
electric field. Besides, it also produced main negative
discharge and active of the activity of the cloud- to ground
flash [13].In the evening, it shows that the electric field
variation in cloudy to overcast day which is about 5kV/m.
This electric field detection is almost the same as detected in
Beijing atmosphere during thunder weather [14].

Figure 2: Curve of Electric Field, E (kV/m) against Time,
t (h) on 29th March 2013

Figure 1: Curve of Electric Field, E (kV/m) against Time,t
(h) on 26th March 2013
Figure 2 and Figure 3 shows the atmospheric electric field
strength detected by field mill in a fine weather before the
fluctuations of electric field occurred when thunderstorm in
that day. The curve recorded by field mill is nearly straight
line with almost 0 kV/m strength of electric field. Even if
there is low of electric field detected, there is still lightning
detection in 23 miles away from the field mill located.

Figure 3: Curve of Electric Field, E (kV/m) against Time,
t (h) on 29th March 2013

Generally, the average of electric field strength in sunny
days is about 0.13kV/m [15], but in different places and
position of the electric field sensor is being installed, the value
is not same. Typically, the electric field strength is positively
correlated with aerosol content, vapour, temperature, and other
weather factors, but negatively correlated with atmospheric
conductivity in fine weather [14]. To add, on that day,
thunderstorm happened once in a whole day with 10kV/m
strength of electric field with lightning detected 10 miles away
from where the field mill is mounted at.

Figure 4 shows the electric field fluctuations on a cloudy
day (without rain) on 31th March 2013 in Serdang. It shows a
small electric field strength at 0.45kV/m there is a lightning
detection around them. This small variation detection of
electric field is most probably affected by the location of field
mill which is mounted near the ground. The electric field
value is getting increases when the height of field mills
mounted is rises around the building. Since, the atmospheric
electric field is approximately well proportioned in a planar
area near the ground [16].
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a fraction of a second, developing a peak current of up to 10
kA.
-18
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Figure 6 : Energy per unit resistance
Figure 4: Curve of Electric Field, E (kV/m) against Time,
t (h) on 31th March 2013

Figure 6 shows the energy per unit resistance on 26th April
2013where the energy produced is quite small which is about
1x
J/ohm even during the occurrence of lightning or
thunderstorm activity.

It can be seen that, the atmospheric electric field produced
higher electric field reading when there a lightning occurred
especially during thunderstorm and cloudy weather. By
monitoring the atmospheric electric field using field mill, an
information about lightning forecast, accuracy of weather
forecast in a local region validation, and the dependability of
lightning protection validation also can be measured

Figure 7 : Atmospheric Electric Field
Figure 7 shows the atmospheric electric field strength detected
by field mill in a fine weather before the fluctuations of
electric field occurred when thunderstorm in that day. Even
when there is low of electric field detected, there is still
lightning detection in 23 miles away from the field mill
located. Typically, the electric field strength is positively
correlated with aerosol content, vapour, temperature, and other
weather factors, but negatively correlated with atmospheric
conductivity in fine weather.

Figure 5 : Atmospheric Electric Field and Peak Current of
Lightning on 26th April 2013
Figure 5 shows the atmospheric electric field and peak current
of lightning. It shows the relationship between electric field
and peak current. The peak current is reached more than 20
kilo amperes (kA) when the electric field is high on that time.
Generally, typical lightning bolt may transfer 1020 electrons in
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Figure 8 : Atmospheric Electric Field and Peak Current of
Lightning

Figure 10 : Atmospheric Electric Field and Peak Current of
Lightning

Figure 8 shows the peak current of lightning proportional to
the value of electric field in a fine weather where the reading
is 20kA. The magnetizing effects of large currents on rock and
was able to scale those experiments to estimate the current
associated with the lightning.
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Figure 9 shows the electric field fluctuations on a cloudy day
(without rain) on 31th March 2013 in Serdang. This small
variation detection of electric field is most probably affected
by the location of field mill which is mounted near the ground.
The electric field value is getting increases when the height of
field mills mounted is rises around the building. Figure 10
shows the relationship of peak current and electric field on 31th
April 2013. The graph is smooth at first before the lightning
occurs. Thus the peak current is also increased when the
electric field variation is high. Other than magnetic detector
based on Ampere's law allows the deduction of current. Figure
11 shows the energy per unit resistance on 31th April 2013
with only 2.5 x J/ohm.

Figure 9 : Atmospheric Electric Field

The energy produced supposed to be high since the electric
field detected by field mill is high. Unfortunately, the graph
below shows a very small of energy produced even the electric
field detected is high. This is due to the small area of a plates
and no distance included in this estimation process. Besides
that, regarding the electric field effects towards a distance of a
lightning detected by the field mill sensor, as the electric field
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Different Regions of the Atmosphere”, Curr. Sci,
PP.640-666, 1993

strength detected is small, the distance of lightning detection
will getting far . This condition is mostly affected by the
location of the field mill’s being mounted on the ground. The
electric field on the buildings is much higher that on the
ground [4].
IV.

CONCLUSION

The study of this project has served its purposes and
objectives. The variation of an atmospheric electric field near
the ground is obtained and the reading is quite high. The
intensity of electric field runs successfully during the whole
period of thunderstorm besides on fine weather and cloudy.
The distance of lightning detection also gets far as the electric
field slows down. It is proven that electric field on the
atmosphere is proportional to the occurrence of lightning. Last
but not least, the estimation of energy per unit resistance is too
small since there is no distance included during the estimation.
Therefore, it is suggested to apply the plate on a roof with
large area in order to have a sizable energy.
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Abstract – Power system transmission lines are
becoming more heavily loaded and this affects system
security and stability. Power flow control is essential
to ensure preserving lines loading security, mange the
congestion of power system, alleviate line overload,
and semi-equally utilize the available transmission
lines as far as possible. Series connected Flexible AC
Transmission Systems (FACTS) controllers help in
redistributing transmission lines power flow. Among
FACTS controllers, the unified power flow controller
(UPFC) is the most versatile but it′s high installation
and operational cost has limited it′s spread. As
compared to UPFC, the newer FACTS controller SEN
transformer (ST) is attractive due to its low cost and
good operational characteristics. In this paper, an ST
model is built in MATLAB/SIMULINK and used for
alleviation of transmission line overload in a single
element outage contingency case. A four bus power
system is used to demonstrate the validity of the work.
The simulation results show the validity of ST in
maintaining system power flow security.

The available transmission lines should be well
utilized before construction of new ones [2]. A great
need is arising for enhancing transmission lines
capacity and controlling power flow in specific paths
in addition to ensuring power system security and
stability during faults and outages occurrence [3].
The role of a power flow controller (PFC) in power
system network is becoming more essential. A PFC
provides the ability of transmission line available
transfer capability (ATC) enhancement, ensures
better utilization of the available transmission lines,
and helps in shifting the amount of overload of the
overloaded lines to the lightly loaded ones. Fig. (1)
shows a portion of a power system with a PFC.
Among FACTS controllers, the unified power
flow controller (UPFC) has the ability of voltage and
power flow control and the advantage of
independent active and reactive power flow control
[3, 4, 5-8]. SEN Transformer ST is a new emerging
converter-less FACTS controller [9, 10].

Index Terms – Components outage contingency,
Overload alleviation, Power flow control, ST, UPFC.
I. INTRODUCTION
Power systems are continuously becoming more
complicated due to the steady increase of electrical
energy consumption, the population increase, and
the industrial development. The transmission lines
which are used to transfer bulk power from
generation stations to load centres are experiencing
continuous loading increase.
The normal uncontrolled flow of power in
transmission line is usually not the best possible.
The normal flow may lead to increased losses, one
line or more being overloaded while others are under
loaded, operation in a state which is close to
insecurity and instability, and experiencing
increased voltage deviations [1]. Building of new
transmission lines is not preferred for the high
installation costs and many other reasons as the
environmental constraints and public policies [1, 2].
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Fig. (1) Portion of a power system with a PFC
ST is a family of tap-changing transformers that
has the same independent active and reactive power
flow controllability of the UPFC with somehow
slow response. However, for most of power system
utility applications where the rapid response in the
range of sub-cycle is not essential like transmission
line overload alleviation, the UPFC can be replaced
by ST which is economically attractive with about
20 % cost equivalent of the UPFC. ST has many
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technical advantages as it is less complex, has less
power loss as well as less operational cost, and do
not produce harmonics since it is a converter-less
PFC [1, 9-12].

II. CASCADE COMPONENTS OUTAGE
System components as generators, transformers,
and transmission lines may be accidentally outaged
due to faults or may be outaged in a programmable
and planned way for maintenance. Power system
components outage highly affects both configuration
and operating state. A component outage may lead
to one or more of the remaining components
overload, and if no corrective actions are taken, a
cascade outage may take place leading to partial or
complete system blackout [13]. Ren and Dobson
[14] have studied a nine years record of cascading
transmission line outages in an electric power
system with approximately 200 lines. Their study
revealed that cascade failure which is the process by
which initial outages of electric power transmission
system components can propagate to more
widespread outages and large blackouts. An initial
outage weakens the system and makes further
outages more likely to take place. The popular
blackout happened on August 14th of the year 2003
in U.S-CANADA Power System began with a single
345 kV line outage followed by 138 kV lines as has
been reported in [15].

III. LINE OVERLOAD ALLEVIATION
Transmission line overload alleviation is an
essential power system practise to ensure secured
and stable system operation and prevent occurrence
of cascade components outage. Transmission line
overload can be alleviated by lines switching,
generation rescheduling, and/ or load shedding [13],
or by using shunt FACTS controllers. Karithikeyan
et al. [16] found that when a STATCOM is located
at the mid of a transmission line, it enhances both
voltage and power flow control. Many researchers
used series FACTS controllers as TCSC, SSSC or
TCPST or shunt-series FACTS as UPFC or ST [1821, 23]. Balaraman and Kamaraj [17] stated that
accurate prediction and alleviation of line overloads
is the suitable corrective action to avoid network
collapse due to cascade outages. In their work they
have used the coded genetic algorithm to find the
optimal generation rescheduling for congestion
relieve. The results obtained by their method are
found to be quite encouraging as compared to
Simulated Annealing (SA). Sundar and Ravikumar
[18] have used the TCSC to alleviate or eliminate
transmission lines overloads under network
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contingencies. In their work, they decided the
number, location and optimal setting of the TCSC
parameters. Lima et al. [19] has optimally placed
TCPS in order to put minimum number of them at
selected locations so as to maximize the system
loading without taking contingencies into account.
Song et al. [20] have examined usage of different
FACTS for enhancement of power system security
and stated that shunt FACTS controllers are
reasonable to be installed to solve voltage security
problem, series FACTS controllers are reasonable to
be installed for solution of power flow security
problem, and the UPFC is reasonable to be installed
to solve both of voltage and power flow security
problems. Thukaram et al. [21] has optimally
allocated and sized the UPFC under normal and
contingency cases and vastly improved system
security. As compared to power electronics based
FACTS controllers, ST is economically and
technically attractive. The capability of ST has been
utilized for marginal prices determination and
loadability enhancement in [22, 23]. Kumar and Gao
[23] have shown the capability of ST in enhancing
the loadability of the system and also have compared
its performance with that of the UPFC.
In this paper, ST is proposed to be used to
alleviate the transmission line overload in a single
component outage contingency case. In this work,
MATLAB/SIMULINK based ST model is built, a
four bus system is modelled, and the ST model is
connected to it. A generating unit outage is
simulated by its circuit breaker trip. The installed
meters and scopes provide the readings and curves
during the simulation period (t=0-3 S) which includes
the normal operation period (t=0-0.2 S), the outage
period (t=0.2-3 S), and ST action period (t=2.2-3 S).

IV. ACT OF ST FOR SYSTEM CONTROL
ST with its 9 compensator windings can be used
for power system voltage and independent active
and reactive power flow control. Voltage can be
increased, and decreased by utilization of the inphase, and the two out-of-phase windings equally
tapped respectively. Active and reactive line power
flow can independently be increased or decreased by
utilization of the out-of-phase windings. Many
choices of limited angle ST with reduced number of
windings are also available. The angle limitation
limits the ability of ST voltage and power flow
controllability. For the purpose of a transmission
line overload alleviation by reduction of the
overloaded line′s power flow, a limited angle (120o)
ST is used. The process of power flow reduction
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requires only operation of the compensator lagging
angle windings of the limited angle ST. The process
of tap-changing can be manually or automatically
controlled. The manual operation of ST tapchanging may be suitable with the planned outages
of components. The automatic control of tap
positions is required for unexpected outages due to
faults or other internal or external causes of outages.
The implementation of ST tap-changing control is
simpler than implementation of the UPFC control
[12].
V. APPLICATION OF ST IN A 4-BUS SYSTEM
ST, the converter-less power flow controller is a
new FACTS controller that can be used effectively
in transmission system to increase lines utilization
and to manage their congestion by shifting the
amount of the excess power of the overloaded line to
the under loaded one. ST is used in this paper to
alleviate the transmission line overload in case of a
single component outage. A limited angle ST to
compensate each phase of the transmission line with
the
phase
lagging
is
modelled
in
MATLAB/SIMULINK so as to be used to reduce
the flow of power in the overloaded line. The limited
angle ST is modelled using three single phase tapchanging transformers. The mechanical tapchanging switches are modelled using timed circuit
breakers. Fig. (2) shows the model of a limited angle
ST (which can be used for transmission line power
flow reduction since it compensates each line with a
lagging voltage) and Fig. (3) shows one of the single
phase tap changing transformers which represent
part of the ST. The simple four bus system shown in
Fig. (4) is modelled in MATLAB/SIMULINK to
demonstrate the action of ST. Fig. (5) shows the four
bus system MATLAB/SIMULINK model.

Fig. (3) Model of a tap-changing transformer as a part of
ST

Fig. (4) Simple four bus system with ST connected

VI. THE 4-BUS AND ST DATA
The 4 bus network generation and load, transmission
lines, ST, and circuit breaker data are given in
Tables (I), (II), (III) and (IV). The generation and
load are in the three phase basis and the transmission
lines data are per-phase. ST with its mechanical tapchanging switches takes 2 seconds to change from a
tap position to the adjacent tap position [9].
TABLE I

GENERATION AND LOAD DATA

Voltage
(LL-kV)
Angle (o)
R (Ω)

G1

G2

G3

Load
(3Phase)

220

220

220

220

0
0.005

-2
0.005

-3
0.005

P = 360 MW
Q =150 Mvar

TABLE II

PER PHASE TRANSMISION LINE DATA
Fr.

To

1
1
2
2

2
3
3
4

R1
Ro
Ω/km
R1= 0.067
and Ro =
0.262

L1
Lo
mH/km
L1 =
0.9613
and Lo =
3.82

C1
Co
nF/km
C1 =
13.06
and Co =
5.75

l
(km)
60
80
100
40

PMAX
(MW)

65
30
50
40

TABLE III

ST DATA FOR TRANSIENT SIMULATION
VPh
R
L
Magnetization
S
(kV)
(pu)
(pu)
R & L (pu)
(MVA)
127
0.002
0.08
500, 500
750
Exciter
3.0
0.002
0.08
PAR/tap
For each regulating winding, number of taps = 2. Here only the
lagging windings are operated. Tapping timing is as follows: 1st
tap (CB1) operation period (t = 0 – 2.2 Sec), 2nd tap (CB2)
operation period (t = 2.2 – 3.0 Sec).
Winding

Fig. (2) A limited angle ST model
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TABLE IV
CIRCUIT BREAKER DATA
The CB is Opening
ON
OFF
OFF
firstly closed
Time
state
state
state
(Sec)
R (Ω)
R (Ω)
C (F)
and opens to
simulate G3
0.2
0.001 1 M
Inf.
outage

Fig. (6) Power flow P12, Q12

Fig. (5) The 4 bus system with ST in MATLB

VII. SIMULATION RESULTS
Readings of active and reactive power flow pre
and post-outage both pre and post ST action are
obtained and shown in Table (V). Also the curves of
active and reactive power flow are shown in Figs.
(6), (7), (8) and (9). The ST was initially operating
with its first tap-position. Changing of the tapposition to the second position completely alleviated
the overload.

Fig. (7) Power flow P13, Q13

TABLE V

LINES POWER FLOW BEFORE AND DURING THE
OUTAGE PRE AND POST ST ACTION
State

Initial
ST Tap
Position

Final
ST Tap
Position

Before the
Outage
(0.0-0.2 S)
During the
Outage
(0.2-2.2 S)
During the
Outage
(2.2-3.0 S)

1-2
1-3
3-2
4-2
1-2
1-3
3-2
4-2
1-2
1-3
3-2

Pph
(MW)
50.55
22.32
24.64
39.77
72.00
22.32
37.84
0.001
63.56
22.32
44.75

Qph
(Mvar)
4.32
-7.20
7.35
29.28
23.90
-7.21
19.08
-0.001
20.88
-7.20
21.56

4-2

0.001

-0.001

Line

Fig. (8) Power flow P32, Q32

Fig. (9) Power flow P42, Q42
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VIII. ST AND UPFC COMPARISON
To demonstrate the similarity of the ST and the
UPFC action for transmission line overload
alleviation, in this part, the ST has been used as the
UPFC has been used by Othman et. al. [24] for
transmission line overload alleviation in the IEEE-6
bus system in case of line (2-5) outage. As shown in
Table (VI), both of the ST and the UPFC optimally
allocated at line (1-5) alleviates line (3-5) overload.
The ST which is used is a limited angle ST
compensates line (1-5) with a 5 kV leading voltage
which represents 0.038 of the phase voltage. Data of
the IEEE-6 bus system are from [25].
TABLE VI
USAGE OF THE ST AND THE UPFC FOR
LINE OVERLOAD ALLEVIATION
Line

PMAX
(MW)

3-5

20

Without
Control
23.97

Power Flow (MW)
With
With
UPFC [24]
ST
19.81
No Overload
(0.13, 0.876)
(0.038, 1.00)

Table (VII) presents a general comparison
between the ST and the UPFC.
TABLE VII
COMPARISON OF THE ST AND THE UPFC*
Comparison Point
Complexity
Compensating at line frequency
Adequate response for utility
power flow regulation
Compensating voltage depends
on number of taps installed
Estimated losses at rated power
Required VA rating of magnetic
components (pu)
Estimated equipment cost for a
unit rated 50MVA or more
Estimated losses/operating cost
for a unit rated 50MVA or more

HN-UPFC
High
No
Yes

ST
Low
Yes
Yes

No

Yes

3%
4.5

<1%
1.5

7.5

1.5

5

1

* Reference [9].

IX. DISCUSSION OF THE RESULTS
As shown in Table (V), before generator G3
outage, all of the lines were loaded under their limits
and the system was secured. Outage of generator G3
led to line (1-2) being overloaded. It is clear that
with only one tap-changing step (3 kV), an amount
of (8.44 MW) power flow is shifted from the
overloaded line (1-2) to the lightly loaded line (3-2)
and the overload is completely alleviated.
Besides its advantages given in Table (VII),
utilization of the ST in the IEEE-6 bus test system
has also demonstrated the similarity of its action to
that of the UPFC in alleviation of line (3-5) overload
in case of line (2-5) outage as shown in Table (VI).
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X. CONCLUSION
The main contributions of this work are
modelling of ST and its application for transmission
line overload alleviation. The simulation results have
proved that ST is capable of power flow control and
transmission line overload alleviation. Due to its low
cost, as compared to the UPFC, ST can be more
widely used in power systems for power flow
control. In this paper, usage of ST improved the
power system security and prevented occurrence of
cascade elements outage.
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Abstract— Aiming at achieving a low cost and precise closed
loop speed control of interior permanent magnet synchronous
motor (IPMSM), this paper introduces an implementation of cost
effective real time embedded control system. Scalar (constant V/f)
closed loop speed control strategy was implemented using a
conventional PI regulator in conjunction with space vector pulse
width modulation (SVPWM) technique. The motor speed has
been obtained using incremental shaft encoder with reasonable
resolution and price. Due to the necessity of accurate position and
current measurements, fast PI controller actions, and digital
implementation of SVPWM technique, a suitable digital signal
controller (DSC) has been used as the computing and control
center. Optimized embedded software was developed using C
programming language combined with assembly instructions.
Several experimental results show that the proposed drive system
has a worthy dynamic response and precise tracking of the speed
trajectory in a wide speed range, including zero speed without
losing synchronization.

Ac/Dc
Gate
Power
Driver
Converter Isolation

PWM
Generation

Control
Algorithm

Command

Speed/Position
Feedback

Feedback
Processing
Controller

Fig. 1. Variable frequency drive system

The control system is designed to maintain both stable and
high efficient operation of the drive system. Embedded C
program is developed and optimized using shareware software
utilities. The drive system is experimentally implemented,
verified, and validated over a wide speed range including the
zero speed.

Keywords— Line Start IPMSM, Space Vector Modulation, V/f
Control, Digital Signal Controller, Embedded Systems

I.

Current
Feedback

ac
supply
Speed/
Torque

3 ph
Ac
motor

3 phase
Inverter
Module

INTRODUCTION
II.

Due to distinctive advantages such as high power and
torque density, high efficiency, and lower maintenance, interior
permanent magnet synchronous motors (IPMSM) are favorably
chosen for a lot of applications, e.g., traction drives for electric
vehicle, fans and pumps [1–2]. The popularity of such motors
is increasing because they overcome the limitations of both the
induction motor and conventional synchronous motor ac drives
[2–5]. Modern ac drives require a variable frequency drive
(VFD) system to control speed, position, and torque as shown
in Fig. 1. Continuous and extensive research of IPMSM has
been progressing by leaps and bounds for the past two decades.
However, most of the practical implementations of IPMSM
drive systems use a high price DSP-based controller kit
installed on a personal computer (PC) to obtain the control
actions, in conjunction with a very high level programming
language supported by model-based design software packages
[6–10]. The objective of this paper is to provide a low cost and
precise closed loop speed control system for a line start
IPMSM. A low price digital signal controller (DSC) is used.
Low cost hardware provides high performance only using
sophisticated implementation techniques, where know-how
presents the added value compared to hardware expenses.

MODEL AND CONTROL OF IPMSM

A. Model of line start IPMSM
Line start IPMSM is basically a salient pole synchronous
machine. Unlike conventional synchronous machine, the
saliency is created due to the presence of low permeability
permanent magnets in the rotor while air gap is smooth. Such a
motor has a squirrel cage rotor to provide starting torque.
However, the drive system has to be designed to overcome the
magnet brake torque at line starting [11–12]. In absence of cage
winding IPMSM can be started using intelligent variable
frequency power inverters. Fig. 2 is an example of line start
IPMSM adopted in this research. In this type, the quadrature
axis inductance is higher than the direct axis inductance i.e.:

Lq  Ld

(1)

This is quite contrary to that of wound rotor salient pole
synchronous machine. Such inequality in inductances has a
direct consequence on the machine operation. In addition to
synchronous torque, a reluctance torque component exists.
At steady-state the cage is ineffective and operation is
typically of salient pole synchronous machine. For a balanced
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d-axis

Digital Signal Controller

q-axis
N
S
S
PM
S
N

Line Start IPMSM
PWM1L
PWM1H
PWM2L
PWM2H
PWM3L
PWM3H

RB0/
RB2

RD1

Reference Speed

Start/Stop
QEA
QEB
INDX

Fig. 3. Closed loop speed control system

potentiometer for reference speed input and bush button for
starting and stopping the controller.

three phase condition, the developed power Pd may be
expressed as follows [11]:

The torque-speed characteristics of the drive system depend
on the type of control. It is necessary to vary the voltage and
frequency to meet the torque-speed requirements. An example
of variable frequency control is the scalar constant V/f speed
control. There are two distinct regimes of operation, constant
torque below base speed and constant power above base speed.
The base speed is defined as the maximum speed at which
rated torque can be developed with rated current flowing
without exceeding the maximum terminal voltage available
from the inverter.

2

(2)

where, Vph is the stator supply voltage per phase, Em is the
excitation voltage per phase, Xd and Xq are the direct and
quadrature (d-q) axis reactances, respectively and δ is the
phase shift between Vph and Em voltage phasors, which is
known as load or torque angle.
In dq0 reference frame, developed torque can be expressed
as follows [11]:


3 

 P  md I qs  (Ld  Lq )I qs I ds 

 

2 
Reluctance
 Excitation


Shaft QE
Encoder

AN1

Fig. 2. Line start IPMSM rotor structure

V ph ( X d  X q )

2 V ph E m
Pd  3( ) 
sin  
sin 2 
P  Xd
2X d X q


Shunt resistors

3-Phase
IGBT
INVERTER
module
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Flux
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T em

Gate Drive
Circuits

Q1
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III.

EMBEDDED CONTROL SYSTEM
IMPLEMENTATION

Embedded system is synonym for embedded computer
based on microcontroller or microprocessor. It operates as
human-interactive, network-interactive and/or, autonomous. It
is deployed effectively in diverse environments. However, it is
sold into a competitive and cost-conscious market. To
implement a reliable real time embedded control system for
IPMSM, both hardware and software have to be designed
precisely and tuned for energy consumption, code size,
execution time, weight, dimensions, and cost.

(3)

where, P is number of poles, md is the permanent-magnet
flux linkage, Ld & Lq are the d-q axis inductances, respectively,
Ids & Iqs are the d-q axis components of the IPMSM stator
current, respectively. The first term of (3) is due to PM’s field
and the second is due to reluctance variation.

A. Hardware Synthesis

B. Motor Control System
Similar to most three phase ac machines, IPMSM has two
distinctive control methods; scalar and vector control. In the
scalar method of speed control, the motor speed is controlled
via variable frequency voltage source inverter (VSI). Scalar
control has an acceptable performance for many applications
[13]. However, a large sudden change in the reference speed
may result in unstable operation or loss of speed tracking.

1) Power Circuit
The drive system of the adopted line start IPMSM is shown
in Fig. 4.
Uncontrolled Rectifier

3-phase
220 V
50 Hz

In order to achieve higher performance, vector control
technique are earning wide acceptance. However it was found
that there is a major limitation for real-time implementation of
these algorithms, especially for nonlinear cases. This is owed to
their high computational burden which limits sampling
frequency for digital implementation. Accordingly, most of
available research work is of either simulation nature or of very
high cost experimental implementations [6–10], [13].

VDC

A simplified system block diagram of the adopted line start
IPMSM is shown in Fig. 3. This embedded hardware topology
consists of DSC, gate drive circuits, IGBT power module,
incremental shaft encoder, current measurement circuit,

IPM

Optocouplers

N

S N

RE0
RE1
RE2
RE3
RE4
RE5

Digital Signal Controller

Cage
bars

Q1

Q3

Q5

Q4

Q6

Q2

Fig. 4. Power Circuit
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It consists of an IGBT power module, three phase bridge
rectifier, and a capacitor connected in the dc-link. The
uncontrolled rectifier module converts the fixed input 222V ac
line-to-line voltage into a fixed 300V dc-link voltage. The
IGBT inverter module is controlled to convert the dc bus
voltage to an output ac variable voltage with variable
frequency.

B. Software Design
1) Main Finite State Machine
Finite state diagram is shown in Fig. 6. It illustrates the
behavior of the motor’s control software. At Power-on Reset,
the software initializes all the software variables and enables all
the peripherals to be used by the embedded control system.
Afterwards, the software enters the Motor Stopped state and
remains there until a start command is executed from the
external push button (Start/Stop pressed). When Start/Stop
button is pressed, the variables used for controlling the motor
are initialized, the timer counters are also initialized to zero, the
interrupt flags are cleared and the interrupts are enabled.

Intelligent power module (IPM), a production of Mitsubishi
is chosen as the key component of the inverter part.
PM25RSB120 is a 1200V, 25 Ampere Intelligent Power
Module. It is an isolated base module designed for power
switching applications operating at frequencies up to 20 kHz.
Its built-in control circuits provide optimum gate drive and
protection for the IGBT and free-wheel diode power devices.
To ensure the reliability of the system, the PWM signals
between DSC and IPM should be isolated.

Once the variables have been initialized, the software enters
the Motor Running state, and all other activities within the state
machine are performed by six interrupt service routines.
In embedded systems programming, an interrupt handler,
also known as an interrupt service routine (ISR), is a callback
subroutine in microcontroller firmware, operating system or
device driver whose execution is triggered by the reception of
an interrupt request [14–15]. Interrupt handlers have a
multitude of functions, which vary based on the reason the
interrupt was generated and the speed at which the interrupt
handler completes its task. The motor control system interrupt
service routines are summarized as shown in TABLE I. It
indicates when they are called and provides a brief description
of the operations executed in each particular ISR. If Start/Stop
button is pressed while the motor is running, all the interrupts
are disabled and the motor is stopped.

2) Control Topology
The control system design is shown at Fig. 5. It consists of
the DSC and other interfaces connected to different DSC
peripherals. DSC is a hybrid of MCU and DSP. Inclusively
DSC combines the processing power of a DSP and the
functionality of a MCU with a flexible set of peripherals to
create a cost-effective solution. In this way, DSCs are excellent
at executing the complex, high-speed mathematical functions
required by many real time control systems. The
dsPIC30F2010 family member is a 28-pin 16-bit DSC
specifically designed for low-cost/high efficiency motor
control applications.
The reference speed input signal is obtained from a
potentiometer connected to a 10-bit analog to digital converter
(ADC). There is a reset button for microcontroller reset
(MCLR) signal. Start/Stop button connected on a general
purpose input/output (GPIO) digital port. Motor position and
direction is obtained from the incremental encoder signals
connected to quadrature encoder interface (QEI) module. For
protection purposes the motor currents are measured and
interfaced with DSC via three ADC pins. Output SVPWM
pulses from motor control pulse width modulation (MCPWM)
peripheral is interfaced with the power circuit and isolated
using photoelectric optocoupler circuits.

TABLE I
Summary of interrupt service routines
ISR

Calling frequency

Operations performed

A/D

20 kHz

PWM

5 kHz

Reads new reference speed value
Generates sine wave using SVM

T1

1 kHz

Calculate the actual speed

QEA

Every QEA transition

Calculates rotor position

QEB

Every QEB transition

Determines rotor mechanical direction

INDX

Every INDX transition

Resets rotor position counter

Error

Amplitude
PID

SVPWM
generation
fpwm

Calculated motor
speed

Phase

Phase Advance
Sector

GPIO

Start/Stop

MCLR

ωactual
Reset

Main finite
state machine

Speed
calculation

Dir Rotor sector
calculation

Fig. 5. Control System Design
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Motor stalled
Reset pressed

Initialize variables and
peripherals

Initialize variables and
peripherals

A/D
interrupt

Start/Stop pressed

Motor
Stopped

Enable peripherals
and interrupts

Read reference
speed

Timer1 interrupt (1ms)

Motor
Running

Execute PID speed
controller

Start/Stop pressed

Motor
stalled
Protection

Disable interrupts
Motor not stalled

PWM
interrupt
Start State
State

QEI
interrupts

Generate
SVPWM

Calculate
motor speed &
direction

Fig. 6. Finite state machine

sample, U(n-2) is the output at (n-2)th sample, e(n) is the error
at nth sample, e(n-1) is the error at (n-1)th sample and, e(n-2) is
the error at (n-2)th sample. K1, K2, and K3 are weighting
parameters which depend on PID controller parameters.

2) Position Measurement
Quadrature shaft encoders (also known as incremental
encoders or optical encoders) enable closed loop control. They
are used for position and speed detection of the motor. The
adopted DSC has a quadrature encoder interface (QEI) module,
which provides an interface to incremental optical encoders.
The QEI module accepts channel A, channel B and index
signal from the incremental encoder and stores the accumulated
count pulses in a dedicated 16-bit time base. This QEI module
allows obtaining signed velocity and relative rotor position
information from the motor. For precise position measurement,
each signal edge of the QSE has been captured using the
designed software.

When first tuning a controller, the Ki and Kd gains should
be set to zero. The Kp gain can then be increased until the
system responds well to set-point changes without excessive
overshoot or oscillations. After a reasonable Kp gain is selected,
the Ki gain can be slowly increased to force the system error to
zero. If oscillation occurs, reducing the Ki gain and increasing
the Kp gain usually solves the problem. The Kd gain can speed
up system response. However, it must be used carefully
because it can produce large output swings, which potentially
cause mechanical damage on the motor. The PI gains of the
controller is obtained empirically, and with the values of
Kp=0.45 V/rad/s, Ki=0.01 V/rad, Kd=0 V/rad/s2.

3) PID Digital Implementation
PID controller is used for speed regulation. It is executed in
the Timer1 interrupt (T1 ISR) every 1 millisecond. Motor
measured speed is subtracted from the reference speed to
determine the speed error, the sign of which decides if the
motor must accelerate or decelerate. To ensure smooth
operation of the motor, the error value is parsed into
proportional, integral and derivative (PID) components to
produce a composite output that is used to compensate for the
speed error. The PID controller implementation takes
advantage of the multiplier and accumulator (MAC) instruction
of the dsPIC DSC for fast execution. The trapezoidal method
of integration is used. Limits are set to limit the output of the
PID controller. The formula used to generate the controller
output is as follows:

U (n )  U (n  2)  K 1e (n )
 K 2e (n  1)  K 3e (n  2)

4) Generation of SVPWM
There are several techniques for pulse width modulation
(PWM). However, the most commonly used PWM techniques
are sinusoidal PWM, and space vector pulse width modulation
(SVPWM). Easy implementation of SPWM technique and
minimum required online computations lead to its wide spread.
However this modulation algorithm has some drawbacks e.g.,
low dc bus utilization, high switching losses, and high total
harmonic distortion (THD) [16].
The SVPWM technique is a sophisticated averaging
algorithm. It gives 15% more voltage output compared to
SPWM algorithm. Thereby, it increases the dc bus supply
voltage utilization, and also minimizes the THD as well as
switching losses [16–17]. All the possible switching states of
the VSI are shown in Fig. 7.

(4)

where, U(n) is the current output of the PID controller at nth
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Sector2

T2 /

Sector3

Sector1

Vref

=

V4(011)

0

a

V0
(000)

Sector4

V5(001)

Sector5

A. Starting Behavior
Fig. 10 shows motor starting behavior from standstill to the
rated speed. It is depicted that the motor starts smoothly with
acceptable speed overshoots and without losing synchronism.
Suitable current is also drawn from supply.

V1(100)

TA = T1/Ts

Sector6

B. Response to Step Change in Reference Speed
System response to a step change in speed from 150 to
500r/min is shown in Fig. 11. For a large sudden step change in
speed from 500 to 1500 r/min, speed oscillations shown in Fig.
12 are limited due to the presence of cage winding. Speed
changes following preset speed profile are shown in Fig. 13. It
is noted that the actual speed has a fast transient response,
while the motor draws acceptable currents over a wide speed
range including zero speed.

V6(101)

Fig. 7. Space vector hexagon

Vectors V1 through V6 are called active vectors. V0 and V7
are called the inactive or zero vectors. Each switching state can
be represented as a voltage vector in space, as shown in Fig. 7.
The entire space is divided into six equal sized sectors of 60.
Each sector is bounded by two active vectors. Zero vectors are
located at the hexagon origin.
To digitally implement SVM a reference voltage Vref is
sampled with a very high frequency fPWM. This frequency is
high enough so as not to generate audible noise due to
switching. The sampling time Ts for Vref is determined from
fPWM, where Ts = 1/fPWM. The reference vector is then
synthesized using a combination of the two adjacent active
switching vectors and one or both of the zero vectors. Various
strategies of selecting the order of the vectors and which zero
vector(s) to use exist. Strategy selection will affect the
harmonic content and the switching losses. SVPWM allows
any resultant vector be represented by the sum of the
components of the two adjacent vectors. In Fig. 7, Vref is the
desired resultant. It lies in the sector1 between V1 and V2.
During a given PWM period Ts, V1 is the output for T1 /Ts, V2
is the output for T2 /Ts, and the average for this period is Vref.
IV.

EXPERIMENTAL RESULTS AND DISCUSSION

In order to assess the suggested system, experimental
measurements have been obtained at different operating
conditions. Fig. 8 shows the experimental setup. A sample of
measured output line-line voltage waveform is shown in Fig. 9
that has an rms voltage of 78.3V, and a frequency of 15.6Hz.

TB

V7
(111)

V.

V2(110)

Ts

V3(010)

Fig. 8. Drive system rig

MOTOR SPECIFICATIONS

The specifications of the motor under control are presented
in TABLE II. The stator consists of 24 slots, three phase single
layer windings wound by mush winding type. The stator
windings are delta connected. The rotor has four interior
permanent magnets which forms a 4-pole machine. Squirrel
cage used to provide self-starting at constant supply frequency.
TABLE II
MOTOR SPECIFICATIONS

Description

Value

Rated Output Power
Rated Line-to-Line Voltage
Rated Line Current
Rated Speed
Number of Poles
Rotor Inertia

0.5
220
2.68
1500
4
0.00145

unit
Hp
V(rms)
A(rms)
r/min
kg.m/sec2

Fig. 9. Sample of measured line-line voltage
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Fig. 10. Starting from standstill to rated speed (2A/div)
Fig. 13. Speed profile over a wide speed range in both directions of rotations

C. Software Performance Measures
Software performance measures (e.g., memory usage and
CPU utilization) show how the software is optimally designed.
Program and data memory usage is 1771 and 56 bytes
respectively, which means that there is enough memory
available for code expansion. CPU utilization is also calculated
found to be 65%, this means that the CPU is idle for 35% of
time so that more tasks can be added.
CONCLUSIONS
This paper has presented a detailed cost effective
implementation of a real time embedded closed loop control
system for a line start interior permanent magnet synchronous
motor (IPMSM). The system uses a digital signal controller
(DSC) as a processor. DSC has both the advantages of a
microcontroller unit (MCU) and also the computational power
of a digital signal processor (DSP). Both hardware and
software have been designed precisely and optimized for
energy consumption, code size, execution time, weight,
dimensions, and cost. Motor position has been measured using
a low price quadrature shaft encoder (QSE) with appropriate
resolution. Scalar V/f control technique has been implemented,
where variable voltage and frequency were obtained using
space vector pulse width modulation (SVPWM) technique.
Motor line currents have been measured and a proper control
action has been considered for protecting the motor from
drawing high currents. To evaluate the performance of the
proposed real-time embedded control system, experimental
works are carried out at wide range of speed operation
including zero speed. The experimental results show that motor
speed tracks the specified reference speed trajectories. The
speed has been controlled in a wide speed range including zero
speed without losing synchronization.

Fig. 11. Speed change from 150 r/min to 500 r/min

Fig. 12. Speed change from 500 r/min to 1500 r/min
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network allows VSI to be operated in a new state called “shoot
through state” which is used to get boosting behavior.

Abstract—This
paper
presents
mathematical
and
experimental analysis of Z-source inverters (ZSI) when feeding
inductive loads. A focus has been given to the effect of
considering inductors resistance of the inverter. A simple
mathematical form has been derived to obtain the voltage
transfer ratio (VTR) in terms of inverter and load parameters for
different control techniques. Comparison between experimental
and calculated results showed acceptable validity for both
maximum boost and maximum constant boost control
techniques. The obtained analysis and relations are useful in
designing and operating Z-source inverters.
Keywords—Z-source inverters;
maximum constant boost control

I.

maximum

boost

Z-source inverters can be controlled using several boosting
techniques, e. g. simple boost (SB) [3], maximum boost (MB)
[13], maximum constant boost (MCB) [14] and modified space
vector pulse width modulation (MSVPWM) [15]. Most of
published work neglects the effects of internal inductor
resistance that results in inaccurate design and controlled
behavior. Hence, the motivation of this work is to investigate
the effect of this resistance and determine voltage transfer ratio
VTR for ZSI to obtain a simple and closed formula.

control;

VD

INTRODUCTION

Nowadays, using renewable energy and distributed
generation sources in electric power systems is increasing
rapidly. Many of these sources may operate as a low DC
voltage source [1]. In order to achieve load requirements or
compatibility with power grid, the need for voltage boosting
converters became mandatory. Traditional techniques depend
upon dc/dc boosting converter followed by a voltage source
inverter (VSI). Such systems still have problems such as high
cost and complexity associated with two-stage power
conversion [2]. Recently, Z-source inverters (ZSI) are used as
an alternative to achieve the same goal. Such a type of
converter is controlled using pulse width modulation (PWM).
This development has been firstly suggested by F. Z. Peng [3]
in 2003. The unique feature of the PWM Z-source inverter is
that it can be used as a voltage buck-boost inverter while
conventional VSI achieve buck operation only. ZSI was
applied for different applications such as adjustable speed
drive systems [4-5], fuel cell vehicles [6], residential
photovoltaic systems [7], wind power generation [8] and
traction drive applications [9]. The transient modeling and
controller was also investigated in [10] and [11]. In recent
years, ZSI has attracted researches to investigate its operation
and enhance controller behavior [5]-[12].

VL

D
Es

S1

S3

S5

L1

VC

C2 VC

C1
L2

To load

Vdc
S4

S6

S2

VL

Fig. 1. Three-Phase Z-Source Inverter

Section II presents operation principles for ZSI, the
equivalent circuits and the different modulation boosting
schemes. Section III explains how output-to-input voltage
transfer ratio is determined for two case, ideal system and
considering inductor parasitic resistance. In section IV,
experimental and simulation results are compared with those
obtained using suggested theoretical analysis. Finally
conclusions are given in section V.
II.

PRINCIPLES OF Z-SOURCE INVERTER AND
MODULATION SCHEMES

In a traditional operation of VSI, there are eight switching
states, six of them are called “active states" where the load is
connected directly to the supply voltage. The remaining two
states are named as "null states" where either all upper or all
lower switches are conducted simultaneously. The null states
achieve zero line voltage across load terminals [16].

In principle, a ZSI consists of a diode, impedance network
and a traditional VSI. Impedance network is composed from
two identical inductors and two identical capacitors connected
in X shape as shown in Fig. 1. Existence of impedance
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the second case: the effect of the inductor resistance “r” is
considered while setting all components in ideal case.

For ZSI, there is an additional state called shoot through
state. In this state, the dc link terminals are shorted by gating
both the upper and lower devices of at least one inverter leg
[1]. There are seven different ways to generate shoot-through
states, three of them can be achieved by shorting any one
phase leg. Other three ways are obtained by shorting any two
phase legs simultaneously. The last way is obtained by
shorting three phase legs simultaneously. Both null and shoot
through states achieve zero load voltage but the main
difference is that, shoot through facilitates boosting of dc link
voltage through the impedance network.

As described in [1], there are two available states of
operation. The first is shoot through state which has the
equivalent circuit shown in Fig. 3.a. This state begins when the
Z-source network is shorted by any of the seven shoot through
states for an interval of Tsh. In this state, the sum of two
capacitor voltages is greater than the source voltage Es, so that
the diode is reverse biased with voltage VD. Hence, the stored
energy in the capacitors is transferred to inductors, thereby
achieving the boosting of the voltage applied to the VSI. The
second case is non shoot through state (either active or null
state). The equivalent circuit of is shown in Fig 3.b. the ZSI
operates in one of the six active and two null states for total
interval of Tan. In this state, the diode is forward biased. So, the
capacitors begin to charge and the energy that initially stored in
the inductors will be transferred to the load.

When using any technique of SB, MB and MCB, the PWM
switching pattern for a ZSI can be generated according to the
following switching manner. Both active and null states are
generated using traditional sinusoidal pulse width modulation
(SPWM) technique. The shoot-through states are generated by
comparing other modulating signals with the employed
triangular carrier signal. The shoot-through states are
distributed within the null states, so that active states intervals
aren't affected. Fig .2 shows the sketch map of SB, MB and
MCB boosting techniques.

A. Ideal Case
The analysis of ideal case can be performed by setting r=0
in equivalent circuit of Fig. 3
A. 1. Shoot-through state 0 ≤ t ≤ Tsh
From the equivalent circuit:

(a)

VL = VC

(1)

Vdc = 0

(2)

VD = Es − 2VC

(3)

Non shoot-through state Tsh ≤ t ≤ T

A. 2.

According to the equivalent circuit given in Fig 3.b

(b)

VL = ES − VC

(4)

Vdc = VC − VL

(5)

VL

r

IL
Is

Ic

Ic

Es

Vdc
VC

VC

(c)
Fig. 2. Modulation schemes (a) SB, (b) MB and (c) MCB

(a)

Three phase sinusoidal reference signals
Shoot through modulating signal
Carrier signal

OUTPUT-TO-INPUT VOLTAGE TRANSFER
RATIO

VL

r

IL
Is

III.

IL

r

VL

Ic

Ic

To Load

Es

Vdc
VC

VC

Output-to-input voltage transfer ratio is defined as the ratio
between inverter output peak phase voltage to the dc supply
voltage. This ratio has been obtained for two cases. The First
case is when neglecting the parasitic resistances of all
components (diode, inductors, capacitors, MOSFETs…etc). In

VL

r

IL

(b)
Fig. 3. Equivalent circuit of the Z-source inverter (a) Shoot–through state (b)
Non shoot–through state.
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Substituting from (4) into (5) for VL results in:
Vdc = 2VC − ES

where G = MB is the ZSI gain [1]. In ZSI, voltage transfer
ratio V m / ES is similar to that of VSI but multiplied by
boost factor (B).

(6)

At steady state, the average value of the inductor voltage
over one switching period equals zero [1], VC can be
assumed constant within the time Tsh, by using (1) and (4):
1
T

T

VL t dt =
0

1
T

T sh

According to [3-5], a general form for modulation index M as
a function of duty ratio Dsh can be put in the following form:

T

(Vc ) dt +
0

M=

(7)

ES − Vc dt = 0
T sh

Tan
E
Tan − Tsh S

(8)

G=

where Tsh, Tan is the shoot through and non shoot through
periods respectively. T is switching period where:

Dsh
Dan

Tan
=
T

TECHNIQUES

(10)

1
E
1 − 2Dsh S

(11)

1
1 − 2Dsh

Vdc

peak

2

(12)

(13)

B. 1.

G
E
2 S

n

𝟐

𝟑 𝟑/𝛑

CB
𝟑

G
2

(19)

Shoot-through state 0 ≤ t ≤ Tsh

The equivalent circuit for this state is shown in Fig. 3.a.
From which the following equations can be written:

(14)

B. 2.

VL = VC − r IL

(20)

Vdc = 0

(21)

Non shoot-through state Tsh ≤ t ≤ T

The equivalent circuit of this state is shown in Fig. 3.b.
From which the following equations can be written:

(15)

Substituting from (13) and (14) into (15), results in:
Vm =

MB & MSVPWM

B. Considering Inductor Resistance
Practically, all components (such as inverter switches,
diode, inductors and capacitors) have internal parasitic
resistances. The inductor resistance has a major effect because
it carries higher current levels compared with other
components. In this section, ZSI steady state analysis is given
when considering inductor parasitic resistance “r” connected
in series.

For stable operation, Dsh is in the range between zero and
0.5. Therefore, B varies from one to infinity. Practically,
values of B are affected by source of non idealities such as
internal resistance of inductance. The peak of the
fundamental output phase voltage ( V m ) can be expressed
in terms of peak dc link voltage and modulation index M
as follows [2]:
Vm = M

SB

VTR =

Let boost factor B is defined as follows:
B=

Modulation
technique

From (16) voltage transfer ratio VTR can be defined as
follows for r=0:

Substituting from (12) into (6) for Vc , the peak dc-link
voltage across inverter terminals is given by:
Vdc (peak ) =

(18)

TABLE I. VALUES OF PARAMETER “N” FOR DIFFERENT MODULATION

From (8), (9), (10) and (11), the average capacitor voltage
is given by:
1 − Dsh
Vc =
E
1 − 2Dsh S

M
nM − 1

where n depends on the employed modulation technique as
given by the following table:

(9)
T = Tsh + Tan
Let Dsh and Daz are the shoot through and non shoot through
duty ratios respectively where:
Tsh
=
T

(17)

Similarly, the general form for gain G as a function of
modulation index M is obtained as follows:

from which, the average capacitor voltage is given by:
Vc =

2
(1 − Dsh )
n

VL = ES − VC − r IL

(22)

Vdc = VC − VL − r IL

(23)

Substituting from (22) into (23) for VL results in:

(16)

Vdc = 2VC − ES
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At steady state, the average value of the inductor voltage
over one switching period equals zero [1]. Using (20) and
(22), the average capacitor voltage is given by:
Vc =

1 − Dsh
1
ES −
rI
1 − 2Dsh
1 − 2Dsh L

Substituting from (33) into (27), the fundamental peak of
output phase voltage is:
16G
ES
12rcos(Ф) 2 2
16 +
G
ZL
Equation (35) can be written in the following form:
Vm =

(25)

Substituting from (25) into (24) for Vc , the peak dc-link
voltage across inverter terminals over a switching period is
given by:
Vdc (peak ) =

1
2
ES −
rI
1 − 2Dsh
1 − 2Dsh L

Vm = Gn

𝐺
(𝐸 − 2𝑟𝐼𝐿 )
2 𝑆

Gn =

3
𝑉 𝐼 𝑐𝑜𝑠(Ф)
2 𝑚 𝑚

8G
(38)
12rcos(Ф) 2
16 +
G
ZL
It is to be noted that, if the inductor resistance (r)
approaches zero, equation (38) tends to (19). It is obvious that,
VTR depends on not only modulation index M (since G is a
function of M according to (18)), but also load parameters and
inductor resistance.
VTR =

(28)

(29)

Po is the load power, Ф is load power factor angle, Ps is the
average source power and Ploss is the inductor power loss
Equation (29) can be written in the following form:
𝑃𝑜 =

3 Vm 2 cos(Ф)
2
ZL

Fig. 4 shows VTR versus modulation index M for three
phase RL load of 60 Ω and 0.3H per phase at 50Hz. In this
figure, the effect of r is given for SB, MB and MCB control
techniques for the inductor resistance of 2.5Ω. It's obvious
that, at low values of modulation index, effect of r increases.
This is attributed to high drawn source current which results in
high voltage drop.

(30)

where
Im =

Vm
ZL

(37)

The output to input voltage transfer ratio (Vm /ES ) is given by:

where
𝑃𝑜 =

16G
12rcos(Ф) 2
16 +
G
ZL

where Gn is ZSI gain when considering inductor resistance.
(27)

Inductor current IL can be calculated from power balance
equation as follows:
𝑃𝑜 = 𝑃𝑠 − 2𝑃𝑙𝑜𝑠𝑠

(36)

where

(26)

substituting from (26) into (15), the fundamental peak of
output phase voltage can be obtained as follows:
𝑉𝑚 =

ES
2

(35)

and ZL is the load impedance

The average source power and inductor power loss are
given by:
𝑃𝑠 = 𝐸𝑆 𝐼𝑆

(31)

(32)
𝑃𝑙𝑜𝑠𝑠 = 𝑟𝐼𝐿 2
Since, the average capacitor current is zero, the average
inductor current IL equals average supply current IS .
Therefore From (28) to (32), inductor current is given by:
Es −
𝐼𝐿 =

𝐸𝑆 2 −

12𝑟𝑐𝑜𝑠(Ф)𝑉𝑃 2
𝑍𝐿

(33)
Fig. 4. Voltage transfer ratio versus modulation index considering and
neglecting inductor internal resistance “r” where r=2.5Ω

4𝑟
Substituting from (33) into (26), the peak value of dc link
voltage (stress voltage Vs) is given by:
Vdc (peak ) =

4(nG − 1)
ES
12rcos(Ф)
4+
(nG − 1)2
ZL

As shown in Fig. 4, VTR increases with decreasing
modulation index, until it reaches to the maximum value of
Mm. Beyond this point VTR begins to decrease due to high
inductor current that causes high voltage drop. At this point:

(34)

𝑑 VTR
=0
𝑑M
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TABLE II.

Using (38) and (39), Mm can be obtained to be as follows:
12rcos(Ф)
16n + 4
ZL
Mm =
12rcos(Ф)
16n2 −
ZL

(40)

Mm depends on load parameters, inductor resistance and
adopted control technique. It is good to operate at modulation
index greater than Mm to avoid high operating inductor current.

EXPERMINTAL PARAMETERS

Source voltage (Es)

20 V

Load resistance (RL)

60Ω

Z-inductance (LZ)

0.145H

Load inductance (L)

0.295H

Z-capacitance (CZ)

22µf

Sampling time (Ts)

25µsec

Output frequency

50Hz

Carrier frequency (fc)

1 kHz

The simulation study has been carried out using
SimPowerSystem
toolbox
provided
within
MATLAB/SIMULINK package.
Capacitors, diode and
MOSFETs have been considered as ideal components except
the inductors. The simulation results show a complete
coincidence with the previous analysis.

Fig. 5 shows voltage transfer ratio versus modulation index
for different inductor resistance 0, 2, 4 and 6Ω for MCB
technique.

The system was powered from a dc input source at 20V and
was driven by a controller using a dSPACE DS1104 card. The
employed DSP capabilities limit sampling time to 0.00002
sec. The switching frequency is set to 1 kHz to provide a
proper number of samples in the switching cycle.
Fig. 7 and Fig. 8 show voltage transfer ratio VTR versus
modulation index M for two control techniques (MB and
MCB) that are obtained for two values of inductor resistance
2.5 and 4.5Ω. In both figures, four groups of results are
illustrated; namely:
 Neglecting all sources of non-ideality (r, rds, Vf …etc),
(theoretical results)
 Considering only
(theoretical results)

Fig. 5. Voltage transfer ratio versus modulation index for different inductor
resistance for MCB control technique

internal

resistance

of

inductor

 Considering Vf, r and rds (simulation results)
 Experimental results
According to the given results in Fig. 7 and Fig. 8, the
following notes can be extracted:

Fig. 6 shows boost factor (Vdc/Es) versus modulation index
M when considering inductor resistance (r).

 At higher values of modulation index, the experimental
and theoretical results are well-matched where effects of
non-idealities are a little.
 For modulation index M less than about 0.65, there is still
discrepancy between experimental and theoretical results
are considerable even when Vf, r and rds are taken into
account. This difference may be attributed to:
1. Assuming inductors and capacitors and resistors are
linear, time-invariant, and frequency independent.
2. The employed DSP capabilities limit sampling time
to 0.00002 sec, which may cause losing of some
voltage intervals.
3. Neglecting other types of non-idealities (e.g stray
inductances and capacitances) [12].

Fig. 6. Boost factor versus modulation index considering and

neglecting inductor internal resistance “r”

IV.

EXPRIMENTAL RESULTS

 It is noted that, value of Mm (maximum VTR) in case of
considering r only is very close to that obtained in case of
considering r, rds and Vf.

To demonstrate the validity of the above analysis for the
performance of three-phase ZSI inverter feeding inductive
load, simulation and experiments were conducted with the
conﬁguration in Fig. 1. Simulation and experimental
parameters are:
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(a)
(a) Inductor resistance r=2.5

(b)
Fig. 7. Voltage transfer ratio versus modulation index for MB
(b) Inductor resistance r=4.5

technique

Fig. 8. Voltage transfer ratio versus modulation index for MCB technique

 It is not recommended to operate at M less than Mm due to
high drawn source current. Moreover, the same VTR can
be obtained at values of M greater than Mm with achieving
less drawn current.

****

 Effect of Vf and rds is low compared with effect of r.
Hence, the obtained simple and closed formula for VTR
(38) considering r only is sufficient especially when value
of r is high compared with rds.

V.

Neglecting r, rds and Vf
Considering r only
Considering r, rds and Vf
Experimental results
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Abstract- India faces prevalent electrical energy and peaking
shortages. The Power Sector is plagued with mounting
commercial losses due to various inefficiencies, colossal
commercial and technical losses and increasing subsidy burden
on the states. These shortages have had a very detrimental effect
on the overall economic growth of the country. As total
distribution system losses equals technical losses plus nontechnical losses. The reasons cited for such high losses are; lack
of adequate T & D capacity, too many transformation stages,
improper load distribution and extensive rural electrification etc.
A non-technical loss is defined as any consumed energy or service
which is not billed because of measurement equipment failure or
ill intentioned and fraudulent manipulation of said equipment. In
order to study non technical losses which constitute a portion of
the total losses in electrical power systems, the logical first step is
to understand the complete picture of power systems losses. The
purpose of this paper is to perform an investigation of Non
Technical Losses with the help of a case study in power systems.
Keywords: Non Technical losses, Technical losses, Electricity
theft, T&D losses, Energy meters, PSEB

I. INTRODUCTION
Power is about the way in which electricity is generated and
distributed. The way decisions about the generation and
distribution of electricity are made affects us all. The term
“distribution losses” refers to the difference between the
amount of energy delivered to the distribution system and the
amount of energy customers is billed. Distribution line losses
are comprised of two types: technical and non-technical.
Depending on the regulatory arrangement, losses can have
adverse and varying levels of financial effects on the
customers and the utility. On one extreme, if the utilities were
allowed to pass on its entire loss burden to the customers,
irrespective of the magnitude of loss, there would be no
incentives for it to enact loss reduction measures. This may
not be fair to the customers because certain operating
inefficiencies of the utility that impacts the system losses
could be passed on to them. On the other extreme, it would be
unfair for the utility to shoulder all the responsibility of the
system losses. Technical losses are naturally occurring losses
(caused by actions internal to the power system) and consist
mainly of power dissipation in electrical system components
such as transmission lines, power transformers, measurement
systems etc. Technical losses are possible to compute and
control, provided the power system in question consists of

known quantities of loads. Non-technical losses (NTL), on the
other hand, occur as a result of theft, metering inaccuracies
and unmetered energy [1]. NTLs, by contrast, relate mainly to
power theft in one form or another. NTL are more difficult to
measure because these losses are often unaccountable. The
aim in this paper is to first compute the technical losses and
then impact of non technical losses on them is shown.
II. CASE STUDY OF NTL MEASUREMENT AND ITS
MINIMIZATION
The way to obtain a fairly accurate value of average load
demand is to utilize the information the utilities use to
calculate the electric bills. The calculation requires energy
consumption accumulated up to the beginning of the time
period and the consumption accumulated at the end of the
time period. The accumulated consumption at the end of the
period is subtracted by the accumulated consumption at the
beginning of the period. The result is the total consumption
during the time period in kilowatt-hours, and the portion of
the bill for energy consumption is based on this number. In
this work, a case study of 66 kV substation, Golewala was
undertaken [2]. Golewala is situated at a distance of about 12
km from district headquarters Faridkot in Punjab state of
India. It is a 66/11 kV substation. The main incoming lines of
66 kV are coming from Sadik. There are two step down
transformers in the substation which step downs the 66 kV
incoming voltage to 11 kV. The two transformers provide
supply to various nearby villages as indicated in Table 1. The
readings have been taken from the 11 kV energy meters
installed at substation. The readings of whole one month have
been collected. The busbar losses in terms of percentage have
been calculated. After that total losses have been shown which
includes sum of transmission, distribution and non technical
losses. For simplicity sake, only one outgoing 11 kV feeder of
Golewala has been considered for case study. Similar
technique can be applied to any of the substation in Punjab to
calculate the losses. The losses have been calculated by the
difference of the units supplied to Golewala and units which
had been consumed or billed in that particular area. The
P.S.E.B. has proper record of all the incoming and outgoing
units in the form of a log sheet. For this, we have to first find
out the total number of consumers in that particular area and
their type i.e. whether they are domestic, commercial or small
power units.
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TABLE 1: INCOMING AND OUTGOING FEEDERS OF SUBSTATION

S. No.

1
2
3
4
5
6
7
8
9
10
11
12
13

Name of feeder
Main-I

Readings as on
Month start
148908.7

Readings as on
Month end
146895.9

Difference of
readings
2012.8

Multiplying factor
of meter
1000

Total units
(kWh)
2012800

Saadhan wala
Golewala
Pipli
Rayian wala
Rajowala
Sayian wala
Ghugyana
Beguwala
Main-II
Dallewala
Hardeyale wala
Kabal wala
Burj masta
Nicer paper mill

11259.42
56934.05
8189.91
7991.78
4012.82
19902.26
29125.37
24414.09
52726118
14546230
14542721
7730686
5323320
2067.91

11172.35
56417.25
8176.52
7136.00
3977.78
19854.34
28322.99
24324.72
52404961
14546230
14528900
7709477
5302291
1534.53

87.07
516.8
13.39
855.78
35.04
47.92
802.38
89.37
321154
Nil
13821
21202
21029
533.38

1000
1000
1000
500
1000
1000
1000
1000
2
--2
2
2
1000

87070
516800
13390
427890
35040
47920
802380
89370
642308
---27642
42404
42058
533380

Then units consumed in each area have been calculated and
have been added up. This sum has been subtracted from the
actual incoming units given to that area. The difference
will give the idea of transmission, distribution and non
technical losses. Generally major portion of this sum is
covered by nontechnical losses, because transmission and
distribution losses are generally less in nature than
nontechnical losses. Table 1 shows the detailed analysis of
incoming and outgoing units from the main 66 kV
substation.
Thus;

units consumed/billed have been recorded from the log
sheet and the following results have been obtained.
TABLE 2: DETAILS OF BILLED UNITS

S. No.

Number of

Type of consumer

Units billed

consumers
1

880

Domestic

233338

2

136

Commercial

52253

3

15

Small power

41045

Total outgoing supply from T1 = 87070+ 516800+ 13390+
427890+35040+47920+802380+89370

Total units billed= (233338+52253+41045) kWh

= 2019860 kWh
= 326636 kWh

Total outgoing supply from T2 = 27642+ 42404+ 42058+

Difference = (516800- 326636) kWh

533380
= 645484 kWh

= 190164 kWh

Losses of main-I feeder = 2019860-2012800

Percentage losses= 190164/516800= 37%

= 7060 kWh
NTL are widely acknowledged by electricity distribution
utilities worldwide, they are estimated to account for up to
30% revenue losses to utilities [3]. This has been nearly
proved as above with the help of above case study. This
result contains transmission, distribution and non technical
losses. As our main problem of NTL is of great concern,
these losses as shown above cannot be measured exactly.
When we talk about T&D losses it also includes the theft of
electricity, although it is the part of commercial loss but
there is no way to segregate theft from the T&D losses. In
practice we know the energy billed and we know the input
energy the difference between these two is T&D loss.
Obviously the theft is included in this loss. When we talk
about T&D losses it also includes the theft of electricity,
although it is the part of commercial loss but there is no
way to segregate theft from the T&D losses. In practice we
know the energy billed and we know the input energy, the
difference between these two is T&D loss obviously the
theft is included in this loss. Electricity theft is at the centre
of focus all over the world but electricity theft in India has

Percentage losses = 7060/2012800= 0.35%
Losses of main-II feeder = 645484-642308
= 3176 kWh
Percentage losses = 3176/642308 = 0.49%
Thus the busbar losses of both the feeders have been
calculated in terms of percentage.
III. DETAILED ANALYSIS OF OUTGOING FEEDER
AND NTL CALCULATION
As there are two main supply feeders which are supplying
to 13 outgoing villages. For simplicity sake, Village no. 2
has been chosen i.e. Golewala and hence a detailed study
of this village had been carried out. The total no. of
customers and their type is as shown in Table 2. There are
mainly three types of consumers in the region. Their total
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a significant effect on the Indian economy, as this figure is
considerably high. The loss on account of theft is reflected
in ARR (Accounting rate of return) of the electricity
company thus these costs are routinely passed on to the
customers in the form of higher energy charges.

utilities, which developed payment schedules to
suit the customers to ensure payment.
Price Discounts: In addition to regular discounts,
some utilities have offered longer supply durations
or guaranteed supplies for customers who were
willing to pay in advance.

vii.

IV. APPROACHES FOR REDUCTION OF NON
TECHNICAL LOSSES

B. Approaches at the Government Level

When we talk about T&D losses it also includes the theft of
electricity, although it is the part of commercial loss but
there is no way to segregate theft from the T&D losses.
Worldwide the energy loss (and Theft) exceeds the total
electricity demand of Germany, UK and France, the third,
fourth, and fifth largest economies of the world. It is
estimated that utilities of developed countries alone lose
500 million dollars every year by way of T & D losses. The
theft of electricity is so rampant. For domestic consumer it
may be on account of the small temptation resulting from
allurement of the staff of the licensee or any third party
agent but for the industries it is many fold as it also enables
them to hide their actual production from the department of
excise, sales tax, etc. who determine the production based
on the actual consumption of energy. The meter inspection
is the main method of NTL detection because the utilities
consider electricity theft to be the major source of NTL and
the majority of electricity theft cases involves meter
tampering or meter destruction. The following are the
various approaches [4], [5] which must be accomplished in
order to reduce the non technical losses at utility and
government level:

i.

Broader Focus for Stabilization: Urging
governments to reduce subsidies and
implement effective privatization to stabilize
and organize the energy market.

ii.

Legal Framework and Exit Policies and
Practices:
Changing legal concepts of
property, property rights, financial laws and
regulations, enterprise laws, banking and
trade reforms. The financial chaos is cited as
a major reason of the continuation of nonpayment problems.

iii.

Government agencies and departments should
be urged to manage their budgets and their
energy consumption, in order to reduce the
strain placed on utilities and the power
systems.

iv.

Legal reform, more clarity in the current laws
for most countries, as well as the enforcement
of the rule of law are required to provide
utilities with the option of disconnecting nonpaying customers.

A. Approaches at the Utility Level:
i.

ii.

V. TECHNIQUES OF ELECTRICITY THEFT

Metering: Adequate metering is essential to
prevent electricity theft and non-payment at the
utility level.

There are plenty of techniques adopted by fraudulent users
for the theft of electricity. As In this paper main emphasis
has been given on the field study. Thus the various
techniques used for theft are discussed below:

Organisation: Utilities should organize the
functions of meter reading, billing and collection,
customer accounting, and follow up.

iii.

Non-Payment: The practice of mailing checks or
paying in cash at financial facilities instead of just
giving cash to the meter man can reduce the nonpayment.

iv.

Elimination of Intermediaries: In some countries
utilities widely outsource the meter reading,
billing, and collection through resellers. These
resellers are being phased out in most areas
because of past records of indiscipline.

v.

Incentive Mechanisms for Utility Staff: In some
cases where the utility staff members have more
incentives to be dishonest, the companies should
develop payment schemes to reward good
performance in bill collection.

vi.

Working with Large Consumers: In some
countries the largest consumers were seen as
business partners as well as customers by the
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1.

Direct connection to the power grid: Since the
meters and equipment in this section are in the
220 V system, where customers are mostly
residential and small businesses, a direct
connection to the power grid is much easier than
the high-voltage system. Well, at least safer, a pair
of rubber gloves could be all the necessary
protection and a ladder and knife all the necessary
tools, as opposed to climbing up HV lines. This is
by far the most common method of electricity
theft.

2.

Using alternate neutral lines: The single-phase
system often has only one wire going into a house,
the “hot” line. Neutral is usually grounded
(electrically connected to the earth) and is
sometimes provided by the foundation of the
house to be more generic. So if a person could
manage to use a small transformer and use that as
the “neutral”, the meter that uses the very same
neutral source would read the incoming voltage
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3.

6.

lower than it really is, resulting in a reduced unit
count.
Phase-to-phase connection: This is similar to
using an alternate neutral line, except that the
system voltage becomes the phase-to-phase
voltage, at 240 or 380 volts.

4.

Meter tampering/breaking seal: This is basically
the same thing that happens to the HV meters.

5.

Other methods of electricity theft include: Tapping
off a nearby paying consumer, damage done to
meter enclosures, and using magnets to slow down
the spinning discs in the meter housing.

VII. CONCLUSIONS
The measurement of NTL and its effects on electrical
power systems as a whole using existing analytical tools
would be possible only if information about the NTL loads
themselves is available to the analyst. Accurately
estimating losses in distribution systems is becoming
increasingly important, as regulatory thinking shifts from
input-based to output-based methods. Also private
companies become more involved in the distribution
segment of the electricity industry. Thus this need is
particularly important in developing countries, where total
losses are generally high, especially prior to the
incorporation of the private sector. With the help of case
study of one village, the total NTLs have been calculated.
Thus it has been concluded that it is very difficult to find
the exact amount of non technical losses in a system
because we know the energy billed and we know the input
energy the difference between these two is T&D loss
obviously the theft is included in this loss but there is no
way to segregate theft from the T&D losses. It is clear that
reducing non-technical losses will ensure that the cost of
electricity to the supplier will be reduced, as less electricity
will be used from the power generating company.

VI. SUGGESTIONS TO MINIMIZE NON TECHNICAL
LOSSES
In important information provided under RTI Act by
Central Electricity Authority regarding transmission loss it
was reported that in 2004-05 the transmission losses were
to the tune of 175534.96 million units. If we multiply the
cost per unit as Rs 2, then the total loss in financial term
will Rs 35000 crores (Approx.) [6]. This is only one year
figure. If we add 10 years transmission loss it will be
enough money to build Delhi like metros in all major cities
of India, enough money to build roads to take village kids
to nearby town schools, enough money to build hospitals to
take care our elderly people. The people who use ACs but
do not pay for its use, they have factories but in connivance
with electrical board people do not keen to pay as per their
use. The reason for the significant amount of non-payment
is political and economic changes and the response of the
governments and the public to those changes. Payment
default at the consumer end resulted in T & D companies
defaulting on their dues to the generating companies, which
in turn accumulate unpaid debts to energy suppliers, banks,
and employees.Total distribution system losses equals
technical losses plus non-technical losses [7]. Following
are the non-technical strategies by which non-technical
losses can be minimized or mitigated:
1.

2.

3.
4.

5.

Statistical analysis of electricity meter readings
must be done so that sample data from electricity
meters can be analyzed statistically over time to
estimate significant deviation from usual meter
readings. This will help the operating personnel
to keep track the energy usage of its consumers
and will have a benchmark in case significant
meter reading deviation especially at the
totalizing meters is observed.
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transfer of reactive power yields to active power loss and
hence consumes energy.

Abstract— In this paper considers the congestion effect on
emission and consumers’ allocated cost. In order to consider
some environmental and operational effects of congestion, an
environmental constrained active-reactive optimal power flow
(AROPF) considering capability curve is presented. The famous
Aumann-Shapley method is used as a pricing methodology to
allocate the congestion cost. Two case studies such as 14-bus and
118-bus IEEE test systems are conducted. Results demonstrate
although the line outage in power systems leads to increase the
total cost, the amount of emission depending on the place where
the outage occurs can be more than, less than or equal to the
normal conditions’ emission. Also results show that although
from power sellers’ viewpoint the well-known Aumann-Shapley
method is a precise pricing method and will shows the real effect
of congestion on consumers’ cost, from consumers’ viewpoint it is
not a good method for cost allocation as some consumers will face
with cost increment and some others will face with cost
decrement.

There are lots of methodologies to find a solution for OPF
where some of them are analytical, and the others are heuristic
search methods such as linear programming (LP) [3], NewtonRaphson (NR) [4], nonlinear programming (NLP) [5],
quadratic programming (QP) [6], interior point [7], genetic
algorithm (GA) [8], miscellaneous artificial intelligent (MAI)
[9], evolutionary programming (EP) [10], ant colony
optimization (ACO) [11], particle swarm optimization (PSO)
[12], fuzzy logic (FL) [13], etc.
Recently, electricity power pricing has become a crucial
issue in restructured power system. Spot or real-time pricing of
electricity has provided the economic structure for many of
new service options. In the literature most of the studies
focused on reactive power pricing builds on marginal cost
theory, which has been applied in the spot price for real power
[14], and this method of electric power pricing does not
consider some concepts such as block rate, demand charges,
backup charges, and so on, and in this regard the role of energy
marketplace is important. The spot price depends on supply
and demand conditions at that spot [15], [16]. Real-time pricing
of reactive power in most researches are based on active power
pricing.

Keywords- Aumann-Shapley pricing; active-reactive OPF;
regional emission limit; system emission limit; congestion.

I.

INTRODUCTION

According to fast growing power demand associated with
the fuel cost increase, economic-oriented tools such as
economic load dispatch (ED) and optimal power flow (OPF)
have become crucial issues in power system operation. As the
ED and OPF are used in real-time energy management, they
have been considered as the kernel of a power system [1], [2].
In order to have a proper power system considering
operational and environmental constraints, the role of a robust
and precise tool is completely undeniable. The primal
objective of an OPF is to minimize the total cost of active
and/or reactive generation considering active and reactive
power balance, power flow limits, and active and reactive
power generation limits. On the other hand, the profound
effect of reactive power on power system security is the
inseparable part of a proper power system, as it affects the
voltage profile of the system and also it has a close relation
with active power generation, where the generation and

Also in these days there is a growing concern on harmful
environmental impacts of generating electricity focusing on
pollution [17], [18]. Since 1990 the clean air act amendments
(CAAA), the utilities are to modify their design or operational
strategies to deplete the pollution and atmospheric emissions
[19], [20]. The limitation on producing emission can be
considered as system emission limit (EMS) and regional
emission limit (EMA) as well.
Power system congestion will effect on pricing and also on
amounts of regional and system emission. Transmission
congestion occurs when there is not sufficient transmission
capacity to meet the transmission service constraints among
busses or within a region. In other word a power system will
face with a congestion condition when a transmission line flow
does not meet the reliability limits. One of the methods that can

This work was supported by FAPESP under Grant 2011/13995-5, CNPq, and
FEPISA from Ilha Solteira- Sao Paulo.
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help to increase the line flow and consequently may alleviate
the congestion limitations is producing more reactive power to
increase the transmission of active power in lines, and then the
role of reactive power and its optimal dispatch is very
important. Moreover, the electricity cannot be stored
economically, and transmission congestion may prevent a free
exchange among control areas, then in power systems
considering the optimal active and reactive power flow and
allocating the congestion cost among consumers are considered
as two important problems. The well-known Aumann-Shapley
(A-S) pricing method which is based on a game-theoretic
framework is a good approach for price allocation [21].

(3)

Pg i − Pd i − Pi (V , δ , t ) = 0, i = 1, ..., ng

(4)

flik (V , δ , t ) ≤ fl

, i, k = 1, ..., nl

(5)

i = 1, ..., ng

(6)

Vi

min

≤ Vi ≤ Vi

max

max
ik

,

Pg imin ≤ Pg i ≤ Pg iM (Qg i ),
Qg
t

min
i

min
ik

≤ Qg i ≤ Qg

≤ tik ≤ t

max
ik

,

max
i

,

i = 1, ..., ng
i = 1, ..., ng
i, k = 1, ..., nl

(7)
(8)
(9)

∑ Emi ≤ EMA

(10)

∑ Emi ≤ EMS

(11)

i∈A

In this paper in order to make a good price allocation, some
practical and environmental constraints via a modified OPF is
used, where the capability curve, EMS, and EMA are taken
into consideration. Effect of congestion on regional and system
emission limits is taken into account, and also via the AmannShapley pricing method its real effect on consumers allocated
cost are considered and the drawback of this method to allocate
cost among consumers is considered. In this regard two IEEE
test system such as 14-Bus and 118-Bus systems as case
studies are conducted.

i∈ng

where Qg i is reactive power generation, Qd i , and Pd i are
active and reactive demand, Qi and Pi are active and reactive
injection, Vi is voltage magnitude, t lk is transfer tap,
Pg iM (Qg i ) is the maximum active power limit based on the
reactive power generation, Emi is the generation's emission
calculate by (12), EMA and EMS are regional and system
emission limits. The amount of emission is calculated by a
quadratic function as (13).

The present paper is organized as follows: Section II
formulates the environmental constrained active-reactive OPF
and cost allocation approach; in section III, case study and
result are presented, and section IV presents the concluding
remarks.
II.

Qg i − Qd i − Qi (V , δ , t ) = 0, i = 1, ..., ng

Emi ( Pg i ) = α i ( Pg i ) 2 + β i Pg i + γ i

(12)

where, αi, βi, and γi are the emission coefficients.

ENVIRONMENTAL CONSTRAINED ACTIVE-REACTIVE
OPF AND COST ALLOCATION APPROACH

The Pg iM (Qg i ) limit is imposed by the capability curve and
turbine, where it has three different portions as it has shown in
Figure 1.

In this section to consider the effects of congestion on
consumers allocated cost and also on regional and system
emission, at first a formulation for environmental AROPF
under normal and congestion condition is presented and then a
method for cost allocation via environmental AROPF is taken
into consideration.
A. Environmental Constrained Active-Reactive OPF
The objective function of an OPF in normal operation
condition is as follows:
ng

Min f N = ∑ Ci ( Pg i )

(1)

i =1

where, ng is the number of generator, and Ci ( Pg i ) is the cost
of active power and approximated by a quadratic function
such as (2).

C i ( Pg i ) = a i ( Pg i ) 2 + bi Pg i + ci

(2)

Figure 1. Capability curve of synchronous generator

′


Pg i
(Qg − Qg min ), Qg min ≤ Qg ≤ Qg ′

i
i
i
i
i
 Qg ′ − Pg min 
i
i




′
Pg iM (Qg i ) =  Sg i2 − Qg i2 , Qg i ≤ Qg i ≤ Qg i′′
(13)

2
max 2
2 2
 Vi ( E i ) − (Qg i Xs i + Vi )
, Qg i′′ ≤ Qg i ≤ Qg imax

Xs i



where ai, bi, and ci are cost coefficients and Pg i is the active
power generation.
System operating constraints are as follows:
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To compute the prices to calculate consumers’ costs, the
active and reactive demands at each bus is divided to small
quantities and usually divided by a large number, K.

Eimax as the maximum excitation voltage is calculated by (14).
( Xsi Pg i′′) 2 + ( Xsi Pg i′′ + Vi ) 2
2
Vi
2

Ei

max

=

(14)
Pd i
K
Qd i
∆Qd i =
K
∆Pd i =

When the congestion occurs, the optimal solution will
change based on the power system rebalancing. In this paper in
order to consider the transmission line outage, the following
formulation is used.

i =1

(15)

where Ci ( Pg iC ) is the cost of active power as (16).

C i ( Pg iC ) = a i ( Pg iC ) 2 + bi Pg iC + ci

(16)
C
where Pg i is the active power generation at congestion event.

i = 1, ..., ng

(17)

Pg − Pd i − Pi (V , δ , t ) = 0,

i = 1, ..., ng

(18)

C
i

C

C

C

C

flikC (V C , δ C , t C ) ≤ flikmax ,
Vi

min

≤ Vi ≤ Vi
C

max

i, k = 1, ..., nl

i = 1, ..., ng

,

Pg imin ≤ Pg iC ≤ Pg iM (Qg iC ),
Qg imin ≤ Qg iC ≤ Qg imax ,
t ikmin ≤ t ikC ≤ t ikmax ,

i = 1, ..., ng

(19)

(24)

∑ EmiC ≤ EMS

(25)

i∈ng

B. Cost allocation Approach
Sometimes congestion in power system occurs after a
sudden increase in demand, sometimes because of a
transmission line outage or generally it occurs when there is
not sufficient transmission capacity to meet the transmission
service constraints. Real-time congestion pricing can show the
effect of congestion on consumers. The allocated congestion
price is calculated by (26).

In order to find the pricing factors, a well-known, robust
and powerful game theoretic method of Aumann-Shapley is
used. The pricing factors are defined using marginal costs,
then at first the short-run active and reactive marginal cost of
power consumers located at node i are computed by (27) and
(28) [10].

Bus

∂( f N )
,
Pd i

λQd =

∂( f N )
Qd i

(27)

′ =
λPd

∂( f C )
,
Pd i

′ =
λQd

∂( f C )
Qd i

(28)

i

i

i

i

(32)

1 K
∑[λPd′ i ( Pd i (k )) − λPdi ( Pd i (k ))]
K k =1
1 K
′ i (Qd i (k )) − λQdi (Qd i (k ))]
= ∑ [λQd
K k =1

(33)

η Qd

(34)

i

CASE STUDIES AND RESULTS

A. IEEE 14-Bus system
This system contains 11 load busses, 5 generators with 20
transmission lines [23]. The environmental active-reactive OPF
is applied to this system and the incurred cost by congestion is
allocated between consumers. For this system, in normal
condition (NC) and congestion condition (CC), three different
cases such as: system without emission limits (NL), system
with regional emission limit (EMA), and system with regional
and system emission limits (EMA&EMS) are taken into
consideration. For this case study, EMS is supposed to be 150
kg. The transmission line outage is taken place for the line
between busses 1 and 2. The additional data of this system are
given in Table I.

(26)

λPd =

k = 1,..., K

Two case studies are considered in order to show the effects
of congestion on consumers’ allocated cost, regional emission,
and system emission. The first case is the IEEE 14-Bus test
system with two regional emission limits and the second one is
the IEEE 118-Bus test system with 2 regional emission limits.
In both cases the power factor is held as 0.9. The presented
approach finds the optimal solution using a modeling language
for mathematical programming (AMPL) [22].

i∈A

η Pd 
i

CQ = [ Pd i Qd i ] 
η Qdi 

Qd i (k ) = k ⋅ ∆Qd i ,

III.

(23)

∑ EmiC ≤ EMA

(31)

where, the λ(⋅) (⋅) is the marginal cost of active/reactive at
demand level k defined in Eq. (26) and Eq. (27).

(21)
(22)

i, k = 1, ..., nl

k = 1,..., K

η Pd =
i

(20)

i = 1, ..., ng

Pd i (k ) = k ⋅ ∆Pd i ,

As the destination is to find the reactive power pricing then
the differences between marginal costs of two aforementioned
steps is taken into account as it shown by Eq. (28) and Eq.
(29).

System operating constraints are as follows:

Qg iC − Qd i − QiC (V C , δ C , t C ) = 0,

(30)

The procedure of sequentially solving the objective
functions of fN and fC for K times, where the amount of
demands are defined by (31) and (32).

ng

Min f C = ∑ Ci ( Pg iC )

(29)

1
2
3
6
8
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TABLE I. ADDITIONAL DATA , IEEE 14-B US SYSTEM
EMA
αi
βi
γi
S [p.u]
Xs
Region Limit(Kg)
0.007 -0.52 25.8
3.324
0.825
1
115
0.007 -0.54 26.9
1.4
0.925
0.004 -0.49 30.1
1.0
1.098
0.004 -0.53 25.3
1.0
1.098
2
190
0.008 -0.40 23.9
1.0
1.098

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

TABLE II. GENERATION AND ALLOCATED COSTS UNDER NORMAL AND CONGESTION CONDITION FOR NL, EMA, AND EMA&EMS CASES, IEEE 14-BUS
SYSTEM

Bus
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Total

Bus
1
2
3
6
8

NL
5511.917
1071.5526
1158.4625
0
0
0
0
339.2537
0
0
0
0
0
0
8081.1858

Cost of NC ($)
EMA
3824.8406
1132.2144
1735.4751
0
0
415.1848
0
1105.4673
0
0
0
0
0
0
8213.1822

EMA&EMS
3513.0006
1094.7796
1744.3555
0
0
1134.8879
0
790.0664
0
0
0
0
0
0
8277.09

NL
4110.4806
1215.4209
2342.0499
0
0
0
0
817.1306
0
0
0
0
0
0
8485.082

Cost of CC ($)
EMA
3824.274
1221.5089
2448.0479
0
0
0
0
997.1544
0
0
0
0
0
0
8490.9852

TABLE I. ADDITIONAL DATA, IEEE 14-BUS SYSTEM
EMA
βi
γi
S [p.u]
Xs
Region Limit(Kg)
0.007 -0.52 25.8
3.324
0.825
1
115
0.007 -0.54 26.9
1.4
0.925
0.004 -0.49 30.1
1.0
1.098
0.004 -0.53 25.3
1.0
1.098
2
190
0.008 -0.40 23.9
1.0
1.098

EMA&EMS
3451.2309
1203.5589
2311.4580
0
0
665.9238
0
888.9455
0
0
0
0
0
0
8521.1171

NL
0
47.2174
163.8474
66.6554
9.0726
13.7327
0
0
41.6857
12.5418
4.5872
7.5157
17.0482
20.2710
404.1751

Allocated Cost ($)
EMA
EMA&EMS
0
0
35.0936
31.3149
122.4735
106.6760
42.7693
37.8867
5.0922
4.4850
7.8737
7.5750
0
0
0
0
26.9688
22.6970
8.0005
6.8448
2.7872
2.5000
4.2902
4.0753
9.9269
9.2830
12.5458
11.0007
277.8217
244.3384

Kg (170.63 Kg for NC, 174.30 Kg for CC). The reason is based
on the place where the outage has occurred and expounding
Table III reveal that it has led to emission increase on busses 2,
6, and 8 which are highlighted part of the table. This issue is
discussed in detail via the IEEE 118-bus test system.

αi

Table II contains the fluctuations of generation and
allocated costs of 14-bus system under normal and congestion
conditions for NL, EMA, and EMA&EMS cases. Results
demonstrate that for both NC and CC, when emission limits are
taken into account, the total generation cost is increased. On the
other hand, after considering emission limits the allocated costs
have decreased; when the emission limits taken into account
the gap between the generation costs under NC and CC
conditions for the limited cases of EMA and EMA&EMS will
decrease, then this is why the allocated costs have faced with a
decrease.

Figure 2. Allocated cost for NL, EMA, and EMA&EMS ($), IEEE 14-Bus
system

TABLE III. PRODUCED EMISSION UNDER NORMAL AND CONGESTION
CONDITION FOR NL, EMA, AND EMA&EMS CASES, 14-BUS SYSTEM
Emission of NC (Kg)
Emission of CC (Kg)
Bus
NL
EMA EMA&EMS
NL
EMA EMA&EMS
1
189.12
98.51
84.43
112.22
98.49
81.75
2
16.51
16.49
16.50
16.51
16.51
16.50
3
19.32
16.44
16.40
15.14
15.10
15.17
6
25.30
20.24
13.54
25.3
25.3
17.61
8
21.09
18.95
19.13
19.08
18.90
18.97
Total 271.34 170.63
150.00
188.25 174.30
150.00

Figure 2 compares the incurred cost and the allocated cost
of NL, EMA, and EMA&EMS. Results show that the allocated
cost can cover the incurred cost while the allocation errors for
NL, EMA, and EMA&EMS cases are 0.069%, 0.0067%, and
0.1276% respectively which are acceptable errors.

Table III shows the produced emission under different
conditions for NL, EMA, and EMA&EMS states. Results show
that as it was expected, based on the conflicting objectives of
cost and emission and by considering the increasing order of
total cost for NL, EMA, and EMA&EMS states, the amounts
of emission for these states are sorted in decreasing order.
Although considering NL and CC for EMA&EMS state shows
that the CC’s cost has increased (Table II), in both NC and CC
the amounts of emission has kept constant and hit the upper
limit. The bold face numbers in this table reveal that although
in Table II the cost of EM state after congestion has faced with
an increase about 278 $ (8213.18 $ for NC, 8490.98 $ for CC),
the corresponding emission has faced with an increase about 4

Figure 3. Regional emission for NL, EMA, and EMA&EMS (Kg) , IEEE 14Bus system
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Figure 4 shows the congestion allocated cost between
consumers under NL condition. Expounding this figure from
consumers’ viewpoint reveals that, congestion can have a
positive or negative effect on their cost. In this figure, the
consumers with negative congestion allocated cost will face
with a decrease in cost, whereas the consumers with positive
congestion allocated cost will face with an increase on their
cost. This happens as in outage condition, some areas will face
with more limitation to receive or transmit the power to other
area, then the optimal solution will change and consequently
the additional allocated cost among consumers of some areas
are negative, and on the other hand some consumers will face
with positive additional allocated cost.
Although the Aumann-Shapley pricing method is an
acceptable method to cover the incurred cost, but Figure 4
shows that it is not fair for all consumers as it increases some
consumers cost and decrease some other consumers’ cost.

B. IEEE 118-Bus system
This system has 99 Load busses, 186 transmission lines, 54
generators, and 2 critical emission regions. The first region
contains generators of busses 70, 73, 74, 76, 77, and 80 and
the second region contains generators of busses 89, 90, 91, and
92. In this case study we focus on the places where the
congestion occurs; two different study in congestion is taken
into account, where in each study three outages of
transmission lines are considered. The regional and system
emission limitations are 1250 kg and 7500 kg respectively.
1) Normal lines outage: in this case the outage of three
normal lines are considered; these lines are called normal lines
because they do not transmit high amount of active and
reactive power. The outaged lines and the active and reactive
transmitted powers of these lines under normal condition and
for both of NL and EMA&EMS conditions are in Table IV. In
this case, for normal condition (NC) and contingency
condition (CC) two studies on NL and EMA&EMS conditions
are considered. Costs and the amounts of emission in region 1
(R1), region 2 (R2), and the total system cost and emission
system are in Table V.
TABLE IV
TRANSMITTED POWERS OF CANDIDATE LINES FOR OUTAGE, IEEE 118-BUS
SYSTEM
Candidate Lines
from 69 to 77
from 80 to 81
from 94 to 96
Case
P
Q
P
Q
P
Q
(MW) (MVAr) (MW) (MVAr) (MW) (MVAr)
NL
72.48 -11.91
7.67
-60.20 14.99
-2.88
EMA&EMS 73.78 -13.02 -4.26 -59.48 15.95
-3.13

Figure 4. Additional allocated cost for normal outage case under NL
condition, IEEE 118-Bus System

From Table V, it is clear that in NL condition and for R1,
R2, and total consideration, amounts of emissions have faced
with an increase in CC comparing with NC, also the
corresponding costs have faced with an increase. For
EMA&EMS case, amounts of emission for CC is more than or
equal to NC’s emission. The difference part of Table V
confirms that the outage of aforementioned lines yield to
increase in cost and emission. Also the considerable impact of
this outage is related with the cost of first region while for NL
and EMA&EMS cases its effect on this region are respectively
1228.57 % and 978.82 % more than its effect on the total
costs.
TABLE V
RESULTS OF NORMAL LINES OUTAGE
Emission (Kg)
Case Condition
R1
R2
Total
R1
NC
1434.4 1360.4 8209.0 14107.8
NL
CC
1525.4 1399.5 8255.8 15130.8
Difference 91.0
39.1
46.8
1023.0
NC
1250.0 1244.5 7500 14042.6
EMA&
CC
1250.0 1250.0 7500 15122.5
EMS
Difference
0.0
5.5
0
1079.9

Cost ($)
R2
14185.9
14443.5
257.6
13406.5
13441.1
34.6

2) Critical Line outage: in this case two lines are under
normal operation (69-77 and 80-81) but the other one (8-9) is
under critical operation. The candidate lines and the active and
reactive transmitted powers of these lines under normal
condition and for both of NL and EMA&EMS conditions are
in Table VI. Output active power of line 8-9 shows its critical
role in this system.
TABLE VI
TRANSMITTED POWERS OF CANDIDATE LINES FOR OUTAGE, , IEEE 118-BUS
SYSTEM
Candidate Lines
from 69 to 77
from 80 to 81
from 8 to 9
Case
P
Q
P
Q
P
Q
(MW) (MVAr) (MW) (MVAr) (MW) (MVAr)
NL
72.48 -11.91
7.67
-60.20 -394.58 -74.80
EMA&EMS 73.78 -13.02 -4.26 -59.48 -379.72 -79.01

Total
129660.7
129737.7
77
129756.6
129856.7
100.1

TABLE VII
RESULTS OF CRITICAL LINE OUTAGE, , IEEE 118-BUS SYSTEM
Emission (Kg)
Cost ($)
Case Condition
R1
R2
Total
R1
R2
Total
NC
1434.4 1360.4 8209.0 14107.8 14185.9 129660.7
NL
CC
1464.0 1374.3 7759.9 14830.3 14277.7 133897.9
Difference 29.6
13.9 -449.1 722.5
91.8
4237.2
NC
1250.0 1244.5 7500.0 13965.9 13406.5 129756.6
EMA&
CC
1250.0 1250.0 7479.9 13901.8 13444.2 133941.9
EMS
Difference
0.0
5.5
-20.1
-64.1
37.7
4185.3

The allocated costs of normal outage case under NL and
EMA&EMS conditions are respectively 78.03 $ and 101.2 $
corresponding to 77 $ and 100.1 $ of incurred costs. In this
case the allocation errors of NL and EMA&EMS are %1.34
and %0.92 respectively.
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[8]

Table VII shows the regional and total costs and emissions
for NL and EMA&EMS cases under normal and contingency
conditions. Considering differences show that unlike Table V
in this critical outage, the considerable impact is on total cost
and emission where in both NL and EMA&EMS cases total
costs have faced with an increase corresponding with a total
decrease in emission. On the other hand, unlike the NL case
which in both regional cost and regional emission has faced
with an increment, in EMA&EMS case, the first regional cost
has faced with a decrement corresponding with no change on
environmental emission (because it has hit its limit). In this
case the allocated cost for no limit condition is 4242.04 $ and
for limited condition is 4188.02 corresponding with 4237.2 $
and 4185.3 $ of incurred cost respectively. The allocating
errors are %1.14 and %0.64 respectively.
IV.

[9]

[10]

[11]

[12]

CONCLUSIONS
[13]

In order to find the effects of congestion on regional and
system emission limits and also on consumers allocated cost,
two case studies has conducted. Results show that the effects of
congestion have a close relation with the place, critical role,
and the region of outage transmission line such that in some
cases increasing in cost yields to decrease in emission and in
some cases increasing cost yields to increasing in emission.
Also results show that, although the Aumann-Shapley pricing
method is a good, precise and robust method to cover the
incurred costs which is really important from sellers viewpoint,
this method is not good to allocate the incurred cost among
consumers as it works based on lagrangian multipliers and in
congestion condition the power flow will find another solution
than normal one for demands which yields to increase or
decrease in some consumers cost.

[14]

[15]

[16]

[17]

[18]

It is recommended to consider a method to allocate the
incurred cost such that it satisfies the seller and consumers
desired objective.
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can be said that these methods might not be suitable for
competitive electricity markets environment. In recent years
transmission expansion planning in deregulated power systems
is much of interest [9, 10]. Deregulation has changed the
structure of power systems incorporating market issues in
operation, planning and management. One of the most
important characteristic of restructuring is facilitating a
competitive environment for power markets but today's
transmission networks may not sufficiently support electricity
transaction, causing congestion in transmission lines.
Therefore, in restructured power markets, consumers are
paying increasing congestion costs. From social welfare
perspective, if the total costs of congestion that might be
relieved by an investment in transmission network is higher
than its investment costs, the economic transmission
investment is justified. However, since congestion costs as an
operational expense may occur at any generating dispatch
scheme, and transmission investment costs as a capital expense
that is allocated at the beginning of the economic life of the
project, it is difficult to compare these two types of costs. In
literatures two measures for congestion costs such as:
redispatch costs and congestion rent are commonly used.
Redispatch costs refers to the systems' costs due to congestion,
namely the difference between the total generation costs
without transmission constraints and the total generation costs
with transmission constrains. In some studies, the term
redispatch is also referred to as out-of-merit generation costs,
costs of constraints, or congestion costs. On the other hand, the
difference between the total payment that a load requires and
the total payment that the generators receive is defined as
congestion rent. For today's networks, it is not fair to analyze
the topology of transmission network without considering
operation within a competitive market. In new environment of
deregulated power markets, the price that is determined by the
least-costs dispatch is called the user prices that may affect the
connectivity of the load and generation indirectly affected by
the capacity of transmission lines. Hence, the transmission
investment problem should try to find minimum investment
costs that guarantee least-costs dispatch for the entire system.
Therefore system objectives should look for the minimum of
both investment costs as well as system re-dispatch costs [11,
12]. Ideally modern transmission networks expansion planning

Abstract— The transmission expansion planning problem in
modern power systems is a large-scale, mixed-integer, nonlinear
and non-convex problem. this paper presents a new
mathematical model and a constructive heuristic algorithm
(CHA) for solving transmission expansion planning problem
under new environment of electricity restructuring. CHA finds
an acceptable solution in an iterative process, where in each step
a circuit is chosen using a sensitivity index and added to the
system. The proposed model consider multiple generation
scenarios therefore the methodology finds high quality solution in
which it allows the power system operate adequacy in an
environment with multiple generators scenarios. Case studies
and simulation results using test systems show possibility of using
Constructive heuristic algorithm in an open access system.
Keywords-Transmission expansion planning; Constructive
heuristic algorithm; Open access; Multiple generating scenarios;
hybrid model.

I.

INTRODUCTION

Transmission system expansion problem consists of finding
the optimal expansion plan of the electrical system in terms of
number and location of transmission lines and/or transformers
in order to support secure and economical operation in a
specified planning horizon. The available data are: system's
base topology, candidate circuits, generation and demand
forecast in the planning horizon, investment constraints, etc. In
the static planning, there is only one planning horizon and a
generalization is the multi-stage planning, where the horizon is
split up into various stages. In this paper, only the static
planning problem is analyzed, however, the methodology can
be extended to a multistage planning as well. Transmission
expansion planning has been introduced in 1970 by Garver [1]
while several different techniques like Branch and Bound [2],
Sensitivity Analysis [3], Benders Decomposition [4],
Simulated Annealing [5], Genetic Algorithm [6], Tabu
Search[7]
and other heuristics algorithm [8] are used to
studying such a challenging problem. Commonly used models
are in a centralized and vertically integrated power system. It
This work was supported by FAPESP under processes 2010/19032-1 and
2011/13995-5.
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should omit the congestion for all feasible and future
generation scenarios to get an efficient market condition as
well as the least-costs dispatch. On the other side, since the
future dispatches are unknown; consequently an exhaustive
analysis requires considering that the generators can assume
producing any value between their lower and upper limits. For
that reason, from the viewpoint of the complete elimination of
future congestion, the planning process should have a look at
all the feasible and future generation scenarios to assure leastcosts in the future dispatch patterns. This can lead to the
excessive investment costs and it is necessary to know those
costs, while this paper presents a new methodology to
determine such costs. In most addressed researches for TEP
problem, the open access issue as a requirement of electricity
restructuring is not considered, where the optimal expansion
plans are determined for only one or a few generation scenarios
[13,14].
In this research a new transmission network
expansion planning considering multiple generation scenarios
is proposed, in which the injected power at each generation bus
is not an exact amount and the generation is represented by a
set of feasible scenarios.
The mathematical models in deregulated environment is
more complicated than regulated environment they are usually
multi objectives with various constraints they have many
integer variables and usually meta-heuristics algorithm are
employed to solve this problem . In this paper we try to solve
this problem using a constructive heuristic algorithm (CHA).
Until now all the CHA algorithms are applied in regulated
environment and there is no report about using CHA
algorithms in deregulated environment.
In this paper the problem is solves in two stage, first stage;
define all feasible generator scenarios using extreme bound of
generators to model all the possible future scenarios that power
market might be encounter in an open access system, second
stage employing constructive heuristic algorithm and
considering all generator scenario identify the best lines for
installation in an iterative fashion, and finally removing the
unnecessary lines from the solution.
In this work a solution algorithm using constructive
heuristic algorithm is proposed, while the Garver and IEEE 24bus test systems are used to validate the proposed
methodology.
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i1

i2

gk  gk  gk
k=k+1

No

Yes
Save Scenario

No

k≤ ng
Yes
End

Fig.1: Creating Generation Scenarios

while others will remain at the lower limit ( g ); the k th single
free generator will generate at:
(1)
g k  dt  (  gi   gi )
i1

Where

i2

d t is the total demand, g i and g i are the upper and

lower limits of the i th generator, respectively. Ω1 is the set of
generators operating in the upper limit and Ω2 is the set of
generators operating in the lower limit. An extreme and
feasible generation scenario should satisfy the following
constraint:
(2)
gk  gk  gk

II. GENERATION SCENARIOS
To satisfy the conditions that the expanded transmission
network does not cause congestion for any feasible generation
scenario, the following conjecture is made. If a system can
operate adequately for all extreme and feasible plans, then it
will be able to operate for any feasible generation plan since
the constraints for the feasible plans are less restrictive than
those for extreme and feasible plans. This conjecture has an
important implication, and it is that the problem can be
mathematically formulated since the feasible and extreme
scenarios are one measurable and reduced subset of scenarios,
while the group of feasible scenarios is infinite. Initially the
concept of feasible and extreme generation scenario is defined.
An extreme and feasible generation scenario is a plan in which
some generators will be functioning at their upper limit ( g ),

Where: g k is upper limit of the k th free generator and g is
k
its lower limit. Therefore, in a power system with n g
generators, the number of extreme and feasible plans will be
ng  2  (ng  1) which is generated using the following
procedure:
Step 1: Separate (ng  1) generators in two subsets. In the first
subset the generators are in their upper limits. In the second
subset the generators are in their lower limits. The remaining
generation of k th single free generator will be derived using Eq.
(1). This step is repeated for all possible combinations of
generators.
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constraints. The constraints (7), (8) and (9) should be defined
for each extreme and feasible scenario of generation. The rest
of the constraints are related to the operational limits of
transmission devices. The biggest difference between this
formulation and the formulation of basic planning, where only
one scenarios is considered, is that, now, the generation is
fixed and associate with p extreme scenarios of generation,
and the p generation scenarios should be solved
simultaneously. The number of operation variables
( fij ,i , gi , ri ) increases p times, and the group of operation

Step 2: The extreme and feasible generation scenarios are
selected from the previous combinations which satisfy the Eq.
(2).
Figure 1 shows the flowchart of creating generation's
scenarios via proposed method.
III.

MATHEMATICAL MODEL

Two types of mathematical model for a static transmission
network expansion planning considering p generation
scenarios are presented in this paper; a DC model and a hybrid
model, which are briefly outlined in the following section.

variables associated to one generation scenario ( f ijq ,  iq , g iq ,
ri q ) are related with the group of operation variables of the
other scenarios through investment variables. The number of
investment variables doesn't change in relation to the basic
model.

A. DC Model
The DC model for static transmission network expansion
planning considering p generation scenarios presents the
following Format:

(6)

B. Hybrid Model
DC Model is a mixed-integer nonlinear programming
problem and is very difficult to solve. If we assume that
constraint in Eq. 4, KCL, is satisfied only by existing circuits
(and not necessarily by the added circuits) hybrid model is
obtained. In this context, the hybrid linear model employed in
CHA assumes the following form:

(7)
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operation variables for the generation scenario q which are
respectively the total power flow, the phase angle, the
generator value and the amount of load shedding at k th bus.
q
f q , g q and r are the vectors with elements f ijq , g iq and ri q
and d is the demand vector with elements d i . nij is the

(13)

0q
ij

f

Where cij, Yij, nij, nijo represent, respectively, the cost of a
circuit that can be added to the i-j right-of-way, the
susceptance of that circuit, the number of circuits added to the
i-j right-of-way, the number of circuits in the base case, v is
the investment, S is the branch-node incidence transposed
matrix of the power system , p is the extreme and feasible
scenarios of generation f ijq ,  iq , g iq and ri q represent the

(12)

q 1 i

0q
ij

f

nij integer and (i, j ) 0

cij nij    i ri q

q

q
2

nij integer
In which S 0 is the transpose incidence node-branch matrix
formed by circuits and buses of the base topology; f 0q is the
vector of power flow through the circuits of the base topology
with elements fij0q for the scenario q, S is the transpose

maximum number of circuits that can be added to the i-j rightof-way . f ij is the maximum power flow by circuit in the i-j

incidence matrix of the entire system and f q is the vector of
power flows through added circuits with elements f ijq for

right-of-way . 1q is the set of generators in the upper limit for
the q scenario;  q2 is the set of generators in the lower limit for
the q scenario.  and 0 are the set of load buses and all
buses and branches respectively . Constraint (4) represents the
conservation of power in each node. This constraint models
Kirchhoff's Current Law (KCL) in the equivalent DC network.
Constraint (5) is an expression of Ohm's Law for the
equivalent DC network and so Kirchhoff's Voltage Law
(KVL) is implicitly taken into account which are non-linear

scenario q . 0 represents the base case circuit indices and the
set with indices of all circuits. In the hybrid model, power
flows through circuits which belong to the base case are
represented separately from flows of the new added circuits.
Power flows in the base circuit are represented by fij0q and in
the new circuits by f ijq , values can be different among them.
0 and  represents the base case circuit indices and the set
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with indices of all circuits. In the proposed liner model, only
circuits of the base topology must follow KVL and this
requirement is represented by constraint (14).
In this paper the hybrid linear model (HLM) is employed
for calculation of sensitivity index used to determine the
circuit to be added in the electrical system at each step of
CHA.
IV.

APPLICATION OF CHA TO TEP

In this section some fundamental components and main
characteristic of CHA are presented. In fact, CHA may find a
good quality solution in an iterative process. The fastness and
robustness are the main characteristics of CHA. In order to
obtain a feasible and high quality solution, in each iteration a
circuit is added to the network, where the aforementioned
circuit is selected based on a sensitivity index. In order to
achieve an optimum expansion plan, the load shedding is not
acceptable.
General CHA process is explained through different steps
as follows:
Step 1: Assuming a base topology as the current topology.
Step 2: Choose a mathematical model for TEP.
Step 3: Solve LP/ NLP to determine parameters used in the
sensitivity index defined in CHA algorithm that considers
operational conditions. If LP or NLP solution indicates that
the system is adequately operate in new additions, it means
that a feasible solution is in hand. Then go to step 5.
Step 4: Use a sensitivity index to identify the most attractive
circuit. Update the current topology with the chosen circuit,
then go to step 3.
Step 5: Sort the added circuits’ costs in decreasing order.
Using an LP, it verifies that whether the removal of a circuit
keeps the system in an adequate operational condition or not.
If yes, remove the circuit, otherwise keep it. Repeat circuit
removal process until all the circuits have been tested. All
added circuits that weren’t removed, represent CHA’s final
solution.
Many CHAs in literature are of two following categorizes.
i) Algorithms that use electrical system performance to make
sensitivity index
ii) Algorithms that use the relaxed version mathematical
model.
Algorithms similar to least-load-shedding [15] and least
effort [16] belong to group (i), and Garver’s [1], Villasana–
Garver–Salon (VGS) [17] and the algorithm proposed in this
paper also belong to group (ii).
In least-load shedding algorithm, sensitivity index tries to
identify the circuit that would provide the most significant
reduction in load shedding. For this case, in step 3 CHA solves
an LP while operation constraint is load shedding. It can be
mentioned that sensitivity index is an approximation due to the
fact that the selected circuit may not guarantee the least load
shedding. Although the selected circuit may provide a
reduction in load shedding, it may not facilitate the optimal
topology. All these problems may partially arise when the
sensitivity index considers the circuits' costs. A major
advantage in using either the least-effort algorithm or the
least-load-shedding algorithm is that both of them employ DC
model directly. The model that is used in Graver's algorithm is
transportation model (TM). The TM is a relaxed version of
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DC model provided from elimination of third constraint in DC
model. In fact, TM is a mixed-integer linear optimization
problem. Graver's algorithm relaxes the integrality of the
investment variable and solves TM, i.e. making and solving
the problem as an LP. The LP solution might not be feasible
for TEP problem, therefore this solution is deployed as a
sensitivity index for CHA. The sensitivity index can be
defined by Eq. (22).
(22)
SI  max{ SI ij  nij f ij ; nij  0}
Where: nij is the solution given by LP after relaxing
integrality of nij. In Garver's algorithm at each step an LP with
the current topology is solved while the number of new
circuits might not be an integer that may facilitate a minimum
investment. In this regard, Garver algorithms will face with
two crucial difficulties. On the other hand, VGS algorithm can
find a good solution for DC model than the best CHA ever
proposed in the literature. By relaxing the third constraint in
DC model, a hybrid model will be produced where an LP
solver can be applied to solve such a hybrid model identifying
the most important circuit at each step of algorithm. It has
worth to be mentioned that in hybrid model, the relaxed
constraint will only be considered to those circuits of the
current topology.
V. CHA FOR EXTENDED HYBRID MODEL
Unlike the CHAs in literature that solves only a simple
model without considering security constraints, the proposed
CHA, works with an extended hybrid model that considers
security constraints. The CHA solves hybrid model after
relaxing the integrality of investment variables, i.e. the integer
is changed to another feature presented in this algorithm is that
every circuit added in the process must comply with both KCL
and KVL which means compatibility between current solution
and the DC model solution. The major drawback of this
method is that at each CHA step a very large LP must be
solved where it gets considerable for large scale power
systems. The proposed CHA employed in this work is as
follows:
Step 1: Assume the base topology as current topology.
Step 2: Solve LP to determine those parameters used in the
sensitivity index Eq. (22). If LP solution indicates that the
system is adequately operate in new additions, it means that a
new solution for DC model has been obtained, then go to step
4 otherwise go to the next step.
Step 3: Use sensitivity index of Eq. (22) to identify the most
attractive circuit. Update the current topology with the
selected circuit, then go to step 2 otherwise go to the next step.
Step 4: Sort the added circuits in a descending order of costs.
Using an LP, it verifies that whether the removal circuit keeps
the system in adequate operational conditions or not. If yes,
remove the circuit, otherwise keep it. Continue circuit removal
until all circuits have been examined. All added circuits that
weren’t removed represent the CHA’s solution.
It can be notified that although this CHA uses a hybrid
linear model to identify the best circuit to add in an iterative
process, it complies with both Kirchhoff’s Laws after adding a
new circuit, thus the final solution is also a feasible solution of
the DC model.
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VI. CASE STUDIES AND SIMULATIONS
The proposed algorithm was implemented within
MATLAB and CPLEX is used as a LP subroutine. It might be
noted that since the number of variables and constraints are
extremely large for solving this problem the issue of sparse
matrix should be employed to avoid possible errors due to the
lack of memory.

B.
IEEE 24-Bus System
This system has 24 buses, 41 branches and a total demand
of 8550MW. The data of IEEE 24_Bus system is available in
[19]. This system has ten generators, in consequence
10×2ˆ(10-1) = 5120 possible generation scenarios appear. Of
these 5120 scenarios, only 168 are feasible generation
scenarios, because only 168 scenarios satisfy the constraint
Eq.(2). Consequently the number of restrictions, variables and
equality constraints will be 24900, 13487 and 3984,
respectively. The proposed CHA converges after solving 34
LPs and removes seven circuit in step 4.

A.
Garver Six-Bus System
Garver system has 6 buses, 15 candidate branches, a total
demand of 760 MW, and a maximum possible number of
added lines per branch are equal to 5. The Garver system data
are given in [18].
Maximum generation capacities for this system in buses 1,
3, and 6, are 150MW, 360MW, and 600MW respectively. To
obtain extreme and feasible generation scenarios, all
combination sets are organized such that 2 of 3 of generators
produce at max or min of their generation capacity and the
other generator should generate its power which is the
difference between total demand and total power generated by
other two units.
There are 12 generators' scenarios which shown in Table I.
In this table the slack generator is shown with G and other
generators which have fix value are shown with lower case g.
Some of these extreme generators scenarios are feasible and
infeasible combinations (those violate generation constraint of
slack generator) should be eliminated. The only 4
combinations out of the above 12 combinations are feasible.
Consequently the number of restrictions, variables and
equality constraints will be 184, 115 and 24 espectively.
Therefore the feasible are as following:
{(150, 360, 250), (150, 10, 600), (0,360,400), (0,160,600)}
Which are highlighted in the Table I.

Table II Garver solution iteration by iteration
Iter.#
Index sensitivity
Selected line
n1-5=0.2918, n2-6=2.3551
1

n3-5=1.198, n3-6=0.44082

n4-6

n4-6=3.2367
n1-5=0.2918, n2-6=2.3551
2

n3-5=1.198, n3-6=0.4082

n2-6

n4-6=2.2367
n1-5=0.5388, n2-6=2.8918
3

n3-5=1.4147, n3-6=0.1612

n2-6

n4-6=0.9579
n1-5=0.5399, n2-6=1.8902
4

n3-5=1.4143, n3-6=0.1601

n2-6

n4-6=0.9628
n1-5=0.5403, n2-6=0.8895
5

n3-5=1.4143, n3-6=0.1597

n3-5

n4-6=0.9649
n1-5=0.3397, n2-6=0.7310

Table I: Generating Scenarios for Garver System

G1

g2

g3

g1

G2

g3

g1

g2

G3

760
160
400
200

0
0
360
360

0
600
0
600

0
0
150
150

760
160
610
10

0
600
0
600

0
0
150
150

360
0
360
0

400
760
250
610

6

n3-5=0.4147, n3-6=0.3603

n4-6

n4-6=0.9589
7

8

After finding extreme and feasible generation scenarios,
Garver system's solution will be obtained by solving ten LP.
Procedure of line addition to the network is according to Table
II. In this table the first column represents the number of
iteration and the second column represents the candidate lines
sensitivity index, while the third columns shows the selected
lines.
Note that the sensitivity index for candidate lines that are
not shown in the second column is zero. Chosen lines for
adding to the network in each iteration, is represented in third
column. As shown in Table II. After solving ten iterations,
Garver system's solution is found, while for each iteration one
LP is solved, means total LPs are ten. Finally, total investment
costs for open access model without eliminating any line in
step 4, is equal to US$ 270,000,000 with the following
topology:
n2-3=1 ; n2-6=5; n3-5=2; n2-6=2.

9

n1-5=0.3384, n2-6=0.7332
n3-5=0.4135, n3-6=0.3616
n1-5=0.3516, n2-3=0.2570
n3-5=0.4606, n3-6=0.0914
n1-5=0.1003, n2-3=0.4424
n3-6=0.1537

10

n1-5=0.0056, n2-6=0.1821

11

-

n2-6

n3-5

n3-6
n2-6
-

In IEEE 24-bus system, the optimum solution that will not
produce congestion in any 168 feasible generation scenarios is
with an investment equals to US$ 1,477,000,000 associated
with adding the following lines:
n01-02=1; n01-03=1; n03-24=2; n04-09=1; n05-10=1; n06-10=3; n07-08=2
n08-09=1; n09-11=1; n10-11=1; n10-12=2; n11-13=1; n12-23=1; n14-16=2
n15-21=1; n15-24=1; n16-17=2; n16-19=1; n17-18=1; n20-23=1; n21-22=1
n01-08=3; n02-08=1; n06-07=1; n13-14=1
The lines that are removed from the network in step 4 are
the following lines: n6-7; n6-7; n1-8; n1-8; n1-8; n15-16; n6-10
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scenarios. The results indicate a direct relation between system
flexibility and investment costs. The main contribution of this
study is thus the clarification of basic mechanisms for the
representation of the possible generation scenarios which
should be considered in the modern TEP problem.

VII. RESULT ANALYSIS AND DISCUSSION
The point which is more noticeable in this paper is the
large difference between the costs of centralized model with
the planning that is called open access model. For example in
Graver system the costs of centralized model is 110 M$ and
the costs of this system is 270 M$ in open access model. On
the other hand, for IEEE 24-bus system, in centralized model
the cost is about 152 M$ while the costs of open access model
is about 1477 M$. The question that may arise: "is the open
access model economically significant or not"? In the other
word, such increasing in the costs may satisfy the other goals
of transmission owners, where it may not create any line
congestion. An important point that should be considered is
the obtained solution for the centralized model is just for one
generation scenario. In fact, if the generation output of
generators change, the transmission grid may not capable of
supporting such produced power and the lines might be
congested. But in open access model it is able to support
several generating scenarios without any congestion and as
these scenarios are marginal generation scenarios, the
transmission grid is able to transfer electric power for any
other scenarios. Therefore, it can be said that the open access
model has the maximum compatible manner. Now for finding
the answer for the above question, the owner of transmission
lines should analyze if the profit of its achievements is more
than the difference between two planning models plus the
profit in the centralized model or not .If the outcome is
positive, the open access model is beneficial otherwise not.
For clearing the problem, consider Garver system. The
difference between two planning model is 158 million dollar,
where one reason of this additional cost can be considering N1 security constraint which makes it a proper system under
contingency condition. If the profit of completion for the
special time period; which is commonly 20 years; is more than
160 M$ plus the profit of centralized planning and also
considering the high social welfare of this method which
nowadays plays an important role in power markets, the open
access model is considered a significant model. In some
papers being nearer in to the transmission line is defined as
completion metric and the ideal transmission grid is defined,
the grid that no obstacle for competition isn't in that. So the
grid which no transmission constraint is considered in that is
supposed. Now obtain this transmission grid .i.e. the lines are
specified. This metric for being nearer into the transmission
line can be used more suitable.
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VIII. CONCLUSIONS
TEP needs be revised for its suitability in competitive
electricity markets because existing methodologies may not
necessarily support competition. In restructured power
markets, consumers are paying incurred congestion costs. To
have an efficient market environment, ideally, modem TEP
should eliminate the congestion for all feasible and future
generation scenarios to obtain always the least-costs dispatch.
In this paper a mathematical model for TEP problem that can
consider multiple generation scenarios in a competitive
electricity market is proposed. Case studies considering
proposed CHA are also presented. Simulation results show
that the algorithm developed for traditional planning can also
be employed for planning considering multiple generation
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expansion. On the other hand these methods cannot obtain the
optimal expansion plan. Moreover, the expansion plan of
phase 1 has the highest influence in the whole expansion plan,
and this can be more critical in big and complex systems.
The recent methodologies for solving the transmission
planning problem can be divided into three groups: (1) classic
optimization algorithms, e.g., Benders decomposition [4] and
branch-and-bound approaches [5] (2) Heuristic algorithms
[6], (3) meta-heuristics such as simulated annealing (SA) [7],
genetic algorithms (GA) [2], tabu search (TS) [8], GRASP [9],
etc. In the mathematical point of view, the TNEP is a mixed
integer programming and its nondeterministic polynomial
yield to the complexity of its algorithm. In general, the
mathematics based methods that applied to medium or large
scale power systems are time consuming and if the additional
constraints, e.g. N-1 security, are taken into account, the
computational burden will be more severe. On the other hand,
the heuristic based methods normally can obtain a solution
with less computational effort but maybe trap in local
solution. However, according to the nature of the problem and
with an elaborated modification of the search procedure, it is
possible to obtain an acceptable result. The meta-heuristic
methods, e.g. genetic algorithm, simulate annealing etc., are
mostly similar to the heuristic methods. The highlight of
meta-heuristic based methods in the search process is an
embedded mechanism to escape from the local optima.
Therefore, these methods normally are more time consuming
than the heuristics ones.
Taking into account the planning period, the planning
problem can be divided as a one stage problem that is called
the static planning or a multistage transmission network
expansion planning problem where the planning horizon can
be separated into several stages. In this paper, only the static
planning problem is considered.
In this paper, a novel mathematical model to solve security
constraints transmission system expansion planning problem
via a constructive heuristic algorithm (CHA) is proposed. A
constructive heuristic algorithm can finds an acceptable
solution in an iterative process. In each step a circuit is chosen

Abstract-- The transmission expansion planning problem in
modern power systems is a large-scale, mixed-integer, non-linear
and non-convex problem. This paper presents a novel
mathematical model to solve security constraints transmission
system expansion planning problem via a constructive heuristic
algorithm (CHA). The basic idea comes from Garver’s work
applied to the transportation model; nevertheless the proposed
algorithm works with a hybrid model considering security
constraints. The hybrid model is a linear one. Proposed CHA
finds an acceptable solution in an iterative process, where in each
step a circuit is chosen using a sensitivity index and added to the
system. Results of two sample test systems shows the effectiveness
of the proposed method comparing with the ones in the
literature.
Index term--transmission network expansion planning,
constructive heuristic algorithm, security constraints, Hybrid
model.

I.

INTRODUCTION

In order to make the power system operation viable for a
predefined horizon of planning considering minimum cost, the
objective of the transmission expansion planning (TEP)
problem is to determine where, how many, and when new
devices must be added to a network [1]. As TEP problems are
non-linear, mixed integer, non-convex optimization problem,
and on other hand considered as very complex and
computationally demanding, then various optimization
techniques have been proposed to solve these problems[2,3].
The most planning researches don’t consider the security
constraints. In other words, in the literature , the optimal
transmission expansion plan is determined without
considering the contingencies caused by the outages
transmission-line. Thus, in majority of expansion planning
proposals that consider security constraints, the planning
process is taken into consideration in two phases. In phase 1 a
planning process without security is released, then in phase 2
using the expansion plan obtained in phase 1, new circuits are
added considering the security criterion. Generally the second
phase uses the same strategy for phase 1. The most important
advantage of this type of strategy is to get a reliable
This work was supported by FAPESP under processes 2010/19032-1 and
2011/13995-5.
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on power flow, generator capacity, line numbers’ limitations and
load shedding vector respectively.
B. Hybrid Model without Security Constraints
A hybrid linear model is obtained assuming that Eq. (1-3) of
the DC model (1), i.e. the KVL is satisfied only by the existing
circuits [10].
It can be stated by model (2) as follows.
(2)
S.t.

using a sensitivity index and added to the system. The
stopping criterion is to get a feasible solution; where there is
no need to add more circuit to the system. The robustness and
fastness are the main features of a CHA.
The proposed CHA algorithm uses a hybrid model
considering the (N -1) security criterion, which is the most
reported criterion in recent researches on transmission
network planning. The (N -1) security criterion implies that
the system should be expanded in such a way that, if the
system gets a line outage, can operate accurately.
II.

PROBLEM FORMULATION

A. DC Model
Usually, long-term TNEP as a mixed integer non-linear
problem (MINLP) is modeled by a mathematical formulation,
which is so-called the DC model. The DC model for TNEP
without security constraints is formulated as follows:
(1-1)
st.
(1-2)
(1-3)
(1-4)
(1-5)
(1-6)
(1-7)
integer, unbounded
Where:
: investment costs for a predefined horizon.
: cost of a candidate circuit added to the right-of-way
.
: number of circuits added to the right-of-way
.
: number of circuits in the initial topology.
: maximum number of circuits that can be added in right-ofway
.
: susceptance of line
.
: phase angle at bus .
: Active power flow through line
.
: maximum active power flow limit of line
.
: vector with artificial generators added in each load bus.
: dummy generation penalty factor.
: branch-node incidence matrix.
: a vector with elements .
: a vector with elements
(generation at bus ) whose
maximum value is .
: Set of all right-of-ways.
Objective function of the DC model containing investment costs of
the newly added transmission lines as well as the penalty load
curtailment has been shown in Eq. (1-1). In Eq. (1-2), Kirchhoff’s
Current Law (KCL) in the equivalent DC network is modeled. Eq.
(1-3) is an expression of Ohm’s law for the equivalent DC
network, while Kirchhoff’s Voltage Law (KVL) is implicitly taken
into consideration. Equations (1-4), (1-5), (1-6) and (1-7) are based
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unbounded
Where:
nij0: circuits of base topology.
Ω1: set of all added circuits during the iterative process and all
prime circuits of base case.
S01: transpose incidence branch-node matrix of the base topology
and added topology in previous iterations of algorithm.
fij01: power flow on path (i,j) Ω.
C. Hybrid Model with Security Constraints
The proposed mathematical model for the transmission
network expansion planning problem with security constraints
presents as belows.
(3)
S.t.
(3-1)
(3-2)
(3-3)
(3- 4)
(3-5)
(3- 6)
(3-7)
(3- 8)
unbounded and
integer
In order to consider the security constraints in TEP, it is
necessary to provide a list of congested transmission lines.
One strategy is to identify those lines with most frequent
outages from the historical data, or based on the system
operator experiences. Another strategy is to solve the
proposed model without considering security constraints, and
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identifying the lines based on optimal solution via an active
power flows over a percentage of their maximum capacity
usually between 80% to 95%, where the main objective is to
identify the most overloaded lines in the system. These lines
construct the contingency list to consider the N-1 security. In
this model SC represents list of congested transmission lines.
III.

APPLICATION OF CHA TO TEP

In this section some fundamental components and main
characteristic of CHA are presented. In fact, CHA may find a good
quality solution in an iterative process. The fastness and robustness
are the main characteristics of CHA. In order to obtain a feasible
and high quality solution, in each iteration a circuit is added to the
network, where the aforementioned circuit is selected based on a
sensitivity index. In order to achieve an optimum expansion plan,
the load shedding is not acceptable.
General CHA process is explained through different steps as
follows:
Step 1: Assuming a base topology as the current topology.
Step 2: Choose a mathematical model for TEP.
Step 3: Solve LP/ NLP to determine parameters used in the
sensitivity index defined in CHA algorithm that considers
operational conditions. If LP or NLP solution indicates that
the system is adequately operate in new additions, it means
that a feasible solution is in hand. Then go to step 5.
Step 4: Use a sensitivity index to identify the most attractive
circuit. Update the current topology with the chosen circuit,
then go to step 3.
Step 5: Sort the added circuits’ costs in decreasing order.
Using an LP, it verifies that whether the removal of a circuit
keeps the system in an adequate operational condition or not.
If yes, remove the circuit, otherwise keep it. Repeat circuit
removal process until all the circuits have been tested. All
added circuits that weren’t removed, represent CHA’s final
solution.
Many CHAs in literature are of two following categorizes.
i) Algorithms that use electrical system performance to make
sensitivity index
ii) Algorithms that use the relaxed version mathematical
model.
Algorithms similar to least-load-shedding [11] and least effort
[12] belong to group (i), and Garver’s [13], Villasana–Garver–
Salon (VGS) [10] and the algorithm proposed in this paper
also belong to group (ii).
In least-load shedding algorithm, sensitivity index tries to
identify the circuit that would provide the most significant
reduction in load shedding. For this case, in step 3 CHA
solves an LP while operation constraint is load shedding. It
can be mentioned that sensitivity index is an approximation
due to the fact that the selected circuit may not guarantee the
least load shedding. Although the selected circuit may provide
a reduction in load shedding, it may not facilitate the optimal
topology. All these problems may partially arise when the
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sensitivity index considers the circuits' costs. A major
advantage in using either the least-effort algorithm or the
least-load-shedding algorithm is that both of them employ DC
model directly. The model that is used in Garver’s algorithm
is transportation model (TM). The TM is a relaxed version of
DC model provided from elimination of third constraint in DC
model. In fact, TM is a mixed-integer linear optimization
problem. Garver's algorithm relaxes the integrality of the
investment variable and solves TM, i.e. making
and
solving the problem as an LP. The LP solution might not be
feasible for TEP problem, therefore this solution is deployed
as a sensitivity index for CHA. The sensitivity index can be
defined by Eq. (4).
(4)
Where:
is the solution of LP after relaxing integrality of
. In Garver's algorithm at each step an LP with the current
topology is solved while the number of new circuits might not
be an integer that may facilitate a minimum investment. In
this regard, Garver algorithms will face with two crucial
difficulties. On the other hand, VGS algorithm can find a good
solution for DC model than the best CHA ever proposed in the
literature. By relaxing the third constraint in DC model, a
hybrid model will be produced where an LP solver can be
applied to solve such a hybrid model identifying the most
important circuit at each step of algorithm. It has worth to be
mentioned that in hybrid model, the relaxed constraint will
only be considered to those circuits of the current topology.
IV.

CHA FOR EXTENDED HYBRID MODEL

Unlike the CHAs in literature that solves only a simple
model without considering security constraints, the proposed
CHA, works with an extended hybrid model that considers
security constraints. The CHA solves model(3) after relaxing
the integrality of investment variables, i.e. the integer
is
changed to
. Another feature presented in this
algorithm is that every circuit added in the process must
comply with both KCL and KVL which means compatibility
between current solution and the DC model solution. The
major drawback of this method is that at each CHA step a
very large LP must be solved where it gets considerable for
large scale power systems. The proposed CHA employed in
this work is as follows:
Step 1: Assume the base topology as current topology.
Step 2: Solve LP to determine those parameters used in the
sensitivity index Eq. (4). If LP solution indicates that the
system is adequately operate in new additions, it means that a
new solution for DC model has been obtained, then go to step
4.
Step 3: Use sensitivity index Eq. (4) to identify the most
attractive circuit. Update the current topology with the
selected circuit, then go to step 2.
Step 4: Sort the added circuits in a descending order of costs.
Using an LP, it verifies that whether the removal circuit keeps
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the system in adequate operational conditions or not. If yes,
remove the circuit, otherwise keep it. Continue circuit removal
until all circuits have been examined. All added circuits that
weren’t removed represent the CHA’s solution.
It can be notified that although this CHA uses a hybrid linear
model to identify the best circuit to add in an iterative process,
it complies with both Kirchhoff’s Laws after adding a new
circuit, thus the final solution is also a feasible solution of the
DC model (1).
V.

1) Plan without security constraints
The optimal solution of the expansion planning problem
without security constraints is equal to v = US$ 200,000 and
the following lines are added: n2–6=4, n3–5=1 and n4–6=2. The
CHA converges after solving 11 LPs without removing any
circuit in step 4.
The sequence of adding line is as follows:
n4-6, n4-6, n2-6, n2-6, n2-6, n3-5 and n2-6.
2) Plan with security constraints
The planning with security constraints to this system can be
found using the proposed CHA, resulting an investment of v =
US$ 300,000 considering the following added lines: n2-6=5,
n3-5=2, n4-6=3 and n2-3=1.
The proposed CHA converges after solving 16 LPs and
without removing any circuit in step 4. The sequence of
adding line is as follows: n2-6, n4-6, n2-6, n2-6, n2-6, n3-5, n4-6, n3-5,
n4-6, n2-6 and n2-3.
Table I shows the results of each iteration, Vlp is the
investment provided by LP, V is the partial investment during
the iterative process and Sln shows the selected circuit in each
iteration.
B. IEEE 24-bus system
This system consists of 24 buses, 41 candidate circuits and
8550MW of total demand which is shown in Fig. 2. Maximum
possible number of added lines per branch equals 3. The
electrical data and generation/load data have been taken for
plans’ G1–G4 of [16].

TESTS AND RESULTS

The proposed algorithm to solve the transmission
expansion planning problem with security constraints has
tested using two mostly used electrical power systems in the
specialized literature. The first system is the system that
originally proposed by Garver and the second is the IEEE 24bus system.
The comparison of results is presented for IEEE 24 bus
system with the one obtained with basic binary GA, bacterial
foraging-differential evaluation algorithm (BF-DEA) and
harmony search algorithm (IHA) to show the effectiveness of
the proposed algorithm. The algorithm has implemented using
an AMPL structure using CPLEX solver to solve the LP
problem at each step of the constructive algorithm.
A. Garver 6-bus test system
The Garver system has 6 buses and 15 candidate branches.
The total demand is 760 MW and maximum possible number
of added lines per branch equals five. The electrical system
data for this system has extracted from[14]. The initial
topology is shown in fig. 1.
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Iteration
1-2
1-3
1-4
1-5
1-6
2-3
2-4
2-5
2-6
3-4
3-5
3-6
4-5
4-6
5-6
SLn
Vlp
V

1
0.0000
0.0000
0.0000
0.2960
0.0000
0.0000
0.0000
0.0000
3.1028
0.0000
1.1040
0.0000
0.0000
2.3472
0.0000

2
0.0000
0.0000
0.0000
0.3513
0.0000
0.0000
0.0000
0.0000
2.6037
0.0000
1.0487
0.0000
0.0000
2.8463
0.0000

TABLE I
results for Garver system iteration-by-iteration
3
4
5
6
7
8
9
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.3130 0.1798 0.1841 0.1849 0.0000 0.0722 0.0744
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0778 0.0756
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2.5870 2.5005 1.4996 0.4871 0.3750 0.2079 0.2393
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1.0870 1.2202 1.2159 1.2151 0.8000 0.7620 0.0000
0.0000 0.0000 0.0000 0.0000 0.1500 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
1.8630 0.9495 0.9504 0.9629 0.9250 0.7392 0.7362
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

10
0.0000
0.0000
0.0000
0.0733
0.0000
0.0767
0.0000
0.0000
0.2390
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

11
0.0000
0.0000
0.0000
0.0729
0.0000
0.0771
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

n2-6

n4-6

n2-6

n2-6

n2-6

n3-5

n4-6

n3-5

n4-6

n2-6

n2-3

191.5
30

191.5
60

161.5
90

131.5
120

101.5
150

71.5
170

62.2
200

46.652
220

32.264
250

10.170
280

3
300

12
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
---0
300

n1-5=1, n3-24=2, n4-9=1, n6-10=2, n7-8=1, n9-11=1, n10-11=2, n1114=1, n14-16=3, n15-21=1, n15-24=2, n16-17=3 n17-18=2 and n2-8=1.
For this plan the CHA converges after solving 124 LPs by
removing circuits of n6-7, n6-7, n2-8, n6-7 and n15-16 in step 4
respectively.
Considering generation plan G3, the investment of expansion
plan founded by CHA is v = US$ 722,000,000 with the
following topology:
n1-5=1, n2-8=1, n3-24=1, n4-9=1, n6-7=2, n6-10=1, n7-8=2, n1012=1, n12-13=1, n14-16=2, n15-16=1, n15-24=1, n16-17=2, n17-18=1
and n20-23=1.
For this plan the CHA converges after solving 35 LPs and
without removing any circuit in step 4.
Finally for plan G4, the CHA found the expansion plan of v =
US$ 818,000,000 with the following topology:
n1-5=1, n2-8=1, n3-24=2, n4-9=1, n6-7=2, n6-10=2, n7-8=1, n9-11=1,
n10-12=2, n12-13=1, n14-16=2, n15-24=1, n16-17=2 and n17-18=1.
For this plan the CHA converges after solving 35 LPs and
without removing any circuit in step 4.
Table II contains a comparison between the results of the
proposed method and the methods in the literature. With
considering cost, it shows that the proposed method can get
better results than the other presented methods. The
superiority of the method is manifested when the number of
fitness function or LP is taken into consideration, the reported
solutions in literature solves thousands fitness functions while
the proposed method can get results after solving a negligible
number of LP. It must be mentioned that the reported metaheuristic methods have to solve a number of LP as fitness
function then here the comparison criterion is the number of
LP.

1) Plan without security constraints
Considering generation plan G1, the CHA founds the
expansion plan of v = US$ 438,000,000 with the following
topology:
n5-1=1, n3-24=1, n6-10=1, n7-8=2, n14-16=1, n15-21=1, n15-24=1,
n16-17=2, n16-19=1, n17-18=1.
Taking into account the plan G2, the expansion plan of v =
US$ 494,000,000 is derived from the proposed CHA founds
considering the following topology:
n5-1=1, n3-24=1, n6-10=1, n7-8=1, n10-11=1, n14-16=2, n15-21=1,
n15-24=1, n16-17=2 and n17-18=1.
For generation plan G3, the CHA founds the expansion plan
of v = US$ 218,000,000 with the following topology:
n6-10=1, n7-8=2, n10-12=1, n14-16=1, n16-17=1 and n20-23=1.
And finally considering generation plan G4, the expansion
plan of v = US$ 376,000,000 using the proposed CHA with
the following topology is in hand:
n3-24=1, n6-10=1, n7-8=2, n10-12=1, n12-13=1, n14-16=1, n15-24=1
and n17-18=1.
1) plan with security constraints
The investment of the expansion planning considering
security constraints for plan G1 using the proposed CHA is v
= US$ 949,000,000 where the added lines are as follows:
n1-5=1, n2-8=1, n3-24=2, n4-9=1, n5-10=1, n6-7=2, n6-10=1, n7-8=2,
n10-11=1, n11-14=1, n14-16=2, n15-16=1, n15-24=2, n16-17=3,n16-19=2
and n17-18=2.
The CHA converges after solving 42 LPs and without
removing any circuit in step 4. Table 2 shows the iterations’
results and sequence of adding lines.
Considering generation plan G2, the CHA founds the
expansion plan of v = US$ 964,000,000 with the following
topology:
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TABLE II Comparison of cost and number of fitness function
Plan
G1
G2
G3
G4
IHA[3]
964
942
837
882
Cost
GA[3]
978
977
903
899
6
[10
BFDEA[3]
975
974
898
882
US$]
CHA
949
964
722
818
118280
20450
58400
220500
Number IHA[3]
fitness
GA[3]
1945090 313167
2753166 2690833
function BFDEA[3]
1157900 737300
553500
2753166
(LP)
CHA
42
124
35
35

VI.

[11] M.V.F. Pereira and L.M.V.G. Pinto "Application of sensitivity analysis
of load supplying capability to interactive transmission expansion
planning" IEEE Transactions on Power, 104, (2), pp. 381-389, 1985.
[12] A. Monticelli, A.J. Santos, M.V.F. Pereira, S.H. Cunha, B. J. Parker and
J.C.J. Praca "Interactive transmission network planning using a least
effort criterion" IEEE Transactions on Power ,101, (10), pp. 3919-3925,
1982.
[13] L.L. Garver "Transmission network estimation using linear
programming IEEE Transactions on Power, 89, pp. 1688-1697, 1970.
[14] R. Romero, A. Monticelli, A. Garcia and S. Haffner "Test systems and
mathematical models for transmission network expansion planning"
IEE Proc., Gener. Transm. Distrib, 149, (1), pp. 27–36, 2002.
[15] R. Fang, D.J. Hill "A new strategy for transmission expansion in
competitive electricity markets" IEEE Transactions on Power, 18, (1),
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[16] R. Romero, C. Rocha, J.R.S. Mantovani and I.G.
Constructive heuristic algorithm for the DC model in network
transmission expansion planning" IEE Proc. Gener. Transm. Distrib.
152, (2), pp. 277–282, 2005.

CONCLUSIONS

A mathematical model and a constructive heuristic algorithm
to solve the transmission network expansion planning problem
considering security constraints have been presented. The
results obtained using small- and medium-size commonly
used systems show the good performance of the proposed
methodology. A comparative analysis between the results
obtained using the proposed CHA and the results obtained
using
basic binary GA, bacterial foraging-differential
evaluation algorithm (BF-DEA)
and harmony search
algorithm (IHA) for IEEE 24 bus systems shows the
effectiveness and superiority of the proposed approach. On the
other hand the proposed CHA provides a better (low cost)
solution for all the cases while the less number of fitness
function evaluations is needed.
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planting-up of new power plants in the future. As the
generation sector offers a lucrative return to the investor, this
segment of electricity value chain has invariably attracted
many interested parties to get its share of the pie. Hence, in
the effort to create a level playing field and in line with the
government’s aspiration to achieve a high performing
electricity industry, the MESI key reform initiatives have
been formulated to among others promote competition in the
generation sector. These initiatives, namely the competitive
bidding for new plant-ups (i.e. the ICB), and the
establishment of the ring-fenced Single Buyer are the
evidence of government’s commitment in ensuring a
reliable, high-quality and cost effective electricity supply to
the nation [2].

Abstract—The
implementation
of
International
Competitive Bidding (ICB) for new generation capacity in
Malaysia marks an important milestone in creating a
competitive and equitable generation sector of Malaysia
Electricity Supply Industry (MESI). The ICB exercise is a
testimony to the government’s commitment to create
transparency in the lucrative generation sector while driving
down the cost of electricity to the consumers. This paper
discusses the practice of ICB in Malaysia. It begins with the
development of MESI followed by the Generation Expansion
Planning (GEP) process in identifying shortfall in generation
capacity. The paper then highlights the milestones in the
implementation of ICB. The discussion continues with major
factors that shape the implementation of ICB and their impact
to both GEP and ICB exercise.

II.

Keywords—generation expansion planning; International
Competitive Bidding; electricity industry reform

I.

OBJECTIVE

The intention of this paper is to highlight the ICB
exercise in Malaysia and discusses the outcomes emerge
from the new practice. The paper also discusses the
development of MESI that leads to the implementation of
ICB. Major factors that shape the implementation of ICB and
how the factors may impact the current and future practice of
ICB are deliberated.

INTRODUCTION

Malaysia, a country in South East Asia, comprises of
Peninsular Malaysia and Sabah and Sarawak in the Borneo
Island. The country is categorized as an upper middleincome nation with Growth Domestic Product (GDP) of 5.6
percent as of 2012. The country aims to attain the status of a
high income developed nation by 2020 fueled by the
government’s Economic Transformation Programme (ETP)
[1]. Undeniably, a reliable and safe supply of electricity in
the country plays a major role in ensuring the success of the
ETP implementation.

III.

BACKGROUND

Before embarking on the topic of ICB, it is important to
gain some insight into the background of MESI. This section
describes the regulatory framework of MESI and the roles
and responsibilities of related agencies. Finally, the process
of identifying the need for new capacity is also explained.

Currently, the installed capacity in Peninsular Malaysia
stands at around 21.5GW to cater for the peak demand of
around 16.5GW in 2013. The capacity is contributed mostly
by gas-fired plants at about 58% (open cycle gas turbines and
combined-cycle plants), coal-fired plants at 33% and the rest
are from hydro and other small scaled renewables. Out of the
total, 51% is owned by Tenaga Nasional Berhad (TNB),
while 38.5% is produced by Independent Power Producers
(IPPs) and the remaining 13.7% is co-owned by TNB and the
IPPs.

A. MESI Regulatory Framework
The electricity supply chain in Peninsular Malaysia is
dominated by TNB. TNB, being a vertically integrated
utility, is seen as a monopoly in MESI. However, the
introduction of the IPPs in 1993 following a major blackout
in 1992 has created some level of competition in the power
generation sector. Nonetheless, there is no competition in
other aspect of the electricity supply as TNB fully controls
the electricity business from transmission down to
distribution and retail [3].

The increasing demand of electricity coupled with
retirements of ageing power plants will definitely require

The attempt to restructure MESI began way back in the
90’s but was quite lacking in the initiatives. However, only
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publishes a Five and Ten Year Demand Supply Forecast
Report and submitted to EC for approval to be used for the
GEP.

recently the government has taken a profound move which
saw the implementation of a holistic reform package to
transform MESI from traditionally a regulated monopoly to a
multiplayer industry. MyPOWER Corporation was set up by
the government in 2010, to analyze the power industry
structure and make recommendations. MyPOWER is a
special purpose agency, whose task is to detail out key
reform initiatives for the Malaysia'
s electricity supply
industry that are aligned with the government'
s Economic
Transformation Programme [4]. The reform initiatives were
aimed to enhance transparency and extract efficiency from
the industry in order to deliver reliable yet cost-efficient
electricity. Among the initiatives are the introductions of
competitive bidding for securing new generation capacity
and ring-fencing of Single Buyer within TNB for greater
transparency in procurement and dispatching of the
electricity.

2) GEP Study
Generation expansion planning (GEP) refers to a long
term planning of generation capacity availability to ensure
reliable supply of electricity in the future. The objective is to
plan for least cost capacity addition to the system based on
the input and constraints that will shape the outcome of the
study. The output of the study will be the basis for
determining when and what type of power plants to be built
in the country.
Although the study of GEP is done by SB, the decisionmaking activities are carried out by an approval committee,
known as JPPPET, constituted of various parties related to
power industries and chaired by the Minister of Energy,
Green Technology and Water. The approval committee for
GEP comprises representatives from Economic Planning
Unit of the Prime Minister’s Office, Ministry of Finance,
Ministry of Natural Resources and Environment, Ministry of
International Trade and Industry, State of Sabah’s Economic
Planning Unit, Ministry of Public Utilities Sarawak, the
Energy Commission (EC), Construction Industry
Development Board (CIDB), TNB, PETRONAS (National
Petroliam Company) and Sabah Electricity Company
(SESB) [6]. The GEP study by SB is presented to the
committee twice every year or as when requested by the
government or EC.

The next section discusses the role and function of each
entity responsible for the entire chain of generation
expansion planning (GEP).
B. Major Players in GEP
Essentially, there are two pivotal entities responsible in
planning and contracting for new generation capacity; the
Single Buyer (SB) and the Energy Commission (EC). The
roles and obligations of these entities are clearly stated in the
Single Buyer Rules (SBR), a set of rules that governs the
operation of Single Buyer market and the conduct of its
participants [5].

3) Contracting for New Capacity
The task to contract new generation capacity lies within
the regulator-the EC. As spells out in the Single Buyer Rule,
upon submission of the GEP studies by SB, EC is
responsible to assess the shortage in the generation capacity
based on the GEP study. If there is a requirement for
additional capacity, EC will subsequently initiate the
tendering process, as well as develop requests for tender.
Next EC will assess the offer made by the bidders and finally
select the winning bid for the Government’s endorsement
[5].

SB is responsible for forecasting of electricity demand
and planning for generation capacity. EC, on the other hand,
is entrusted to acquire the new generation capacity based on
the shortfall identified in the Generation Expansion Planning
(GEP) study submitted by SB which currently resides under
TNB. The entire process in contracting for new capacity is
described at length in the next section.
C. The Process of GEP
The GEP begins in SB with the forecast of electricity
demand followed by reliability assessment to determine if
and when the new generation is needed as well the type of
generation plant to be acquired. The next step is the
selection of optimal capacity expansions based on economic
considerations. Once the GEP is endorsed by an approval
committee, EC will assess the requirement for additional
capacity and began with the tendering process for new
generation capacity. These processes are discussed below.

The Energy Commission has successfully completed the
first and second ICB exercises and was well received by the
industry players. The third ICB exercise has already begun
and the result is expected to be released by end of 2013. The
next section highlights the practices of acquiring new
capacity prior to ICB and followed by a section to describe
in detail the Malaysia’s experience in all ICB exercise.

1) Electricity Demand Forecast
The electricity demand forecast is the most critical
parameter in the GEP. The output of this study serves as
indicator to the timing of future generation capacity
investment. The factors that influence the outcome of the
forecast include the economic growth, population and
dwelling growth, major industrial and commercial
developments and any other economic, social, Government
policy or commercial factors that may impact the electricity
consumption growth in Peninsular Malaysia. Annually, SB

IV.

PRE- ICB

TNB was known as the National Electricity Board (NEB)
prior to its privatization in 1990, a fully owned government
power authority. The GEP as well as the planting up for new
capacities were under the jurisdiction of NEB. After the
privatization, TNB continued with the study of GEP but
approval for implementation of new generation capacity was
carried out by the government through the Economic
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mitigations include the extension of existing power plants,
shifting of schedule maintenance for power plants and
arrangement for power imports from interconnections. As
such, the earliest ICB that was carried out is for capacity
needed in 2016. Year 2016 is a critical year for the electricity
industry as all the first generation Power Purchase
Agreements (PPAs) and several of TNB plants’ Service
Level Agreements (SLAs) would be expiring. EC has
announced in the beginning of 2012 that a total of 4,500MW
of power generation was up for bidding and the exercise will
be done in stages [10].

Planning Unit of the Prime Minister Office. Nonetheless, all
generating plants were owned and operated by TNB.
However, after a major blackout in peninsular Malaysia
in 1992, the government has aggressively pushed for the IPP
program. It was during this time that the Malaysian economy
was booming and the peak demand was steadily growing at
an average rate of 8.5 percent annually. The government was
concerned that TNB would not be able to cope up with the
demanding rate of electricity demand. As such, the
government had indicated for more players in the power
generation sectors [7].

B. ICB Track 1
The first competitive bidding exercise was carried out to
build and operate a new combined-cycle power plant at a
predetermined site at the northern part of the Peninsular
Malaysia (i.e. Prai) by 1 March 2016. The site, currently
owned by TNB, was previously used for power plant which
has been cleared and will be leased to the winning bidder.
The site was identified to be able to cater for the advertised
capacity based on a joint study done by TNB and EC.

The first five IPPs in the country are YTL Power,
Malakoff, Genting Sanyen, Powertek and PD Power Berhad.
The five projects were given monetary incentives to finish on
a fast-track basis and managed to supply a total of around
4GW by 1996. The companies behind the first five IPPs
were major players in the Malaysian economy. As such,
there have been perceptions that the IPP licenses were given
to politically well-connected companies. These companies
were given favorable rates that caused strained to TNB’s
profitability. It was reported that their internal rate of return’s
(IRR) are expected to be between eighteen and twenty-five
percent. Unfortunately, after the completion of the first wave
of IPPs, the region was hit with financial crisis. The
electricity demand contracted and the power sector ended up
with a very high reserve margin of about 55 percent which
put more strain to TNB [7] [8].

In January 2012, EC published an advertisement in five
local dailies and their website for an expression of interest
from local and foreign parties to build a capacity between
1,000MW to 1,400MW. EC then released an official letter
instructing each of the 47 interested parties to purchase the
Request for Qualification (RFQ) documents to be considered
in the bidding process. 17 RFQ documents were submitted
and 9 were shortlisted [11]. Later, the nine shortlisted
bidders were required to purchase the Request for Proposal
(RFP) documents and to return the documents stating their
offers by 16 July 2012 [12]. The winner was announced by
EC on 9 October 2012. The winning bidder is TNB who has
been offered to build, own and operate a combined cycle
power plant of 1,071 MW to be commissioned at a levelised
tariff of 34.7 sen/kWh [13]. The capacity is achievable with a
combined cycle power plant that use 2 units of Siemens Hclass gas turbines expected to have efficiency of around 60%
Based on this experience, the first ICB exercise took about
10 months to be realized.

The Energy Commission (EC) was established in 2001
with the responsibility to regulate the energy sector mainly
the electricity supply and piped gas supply industries in
Peninsular Malaysia and Sabah [9]. Later the approval
committee known as JPPPET as described earlier was
formed to make decision on the planting up. In the same
year, as the economic state of the country recovered, the
requirement for new power plants resurfaced. The
subsequent IPPs in the country were granted to companies
that are entrusted by the federal government through direct
negotiation between the IPP and TNB under scrutiny of EC.
Fortunately for TNB, the Power Purchase Agreements
(PPAs) signed with the second and third wave of IPPs are
more favorable to TNB taking into the considerations the
painful experience with the first wave of PPAs [7].

C. ICB Track 2
The ICB Track 2 was carried out concurrent with the ICB
Track 1. Track 2 was referred to as “Renewal of Existing
Power Generation Facility” and offered only to first
generation power plants which were scheduled to retire
between year 2015 and 2017. The main prerequisite to be
considered for renewal is the commitment of the power
plants to reduce their current commercial rates stated in the
existing PPAs. The new rates will take place after the expiry
of the current PPAs. The qualified participants that were
interested in this exercised are as shown in Table I [14]:

In 2010, when MyPOWER Corporation was set up to
analyze the power industry structure, they made some
recommendations as key reform initiatives for the MESI.
One of the main suggestions in the MESI reform is to initiate
the ICB practice which will be discussed in the next section.
V.

INTERNATIONAL COMPETITIVE BIDDING

A. Development of ICB
The catalyst for ICB is the need for new capacity in the
future. The quantity of capacity in MW is supplied by the
GEP study which was endorsed by the aforementioned
committee. Since the process of ICB will take several years
to complete, capacity that are required urgently will undergo
restricted bidding process or direct negotiation. Other

Out of the 11 bidders, only 3 bidders were offered for
renewal. The winning bidders were announced on 9 October
2012, at the same time as the announcement for ICB Track 1
result. The winning bidders are listed in Table II [13]:
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TABLE I.

BIDDERS FOR ICB TRACK 2

Qualified
Participants

No

Existing Facility
(Existing Site)

6

YTL Power
Generation SdnBhd
YTL Power
Generation SdnBhd
GentingSanyen Power
SdnBhd
Segari Energy
Ventures SdnBhd
Port Dickson Power
SdnBhd
PowertekBerhad

7

TNB

8

TNB

9

TNB

10

TNB

11

TNB

1
2
3
4
5

TABLE II.
Bidder

approved nodes along the 500kV Grid through which power
will be injected. The nodal points were provided by EC
through a study done by TNB. The target commissioning
dates for the capacity are October 2018 for the first
1,000MW and another 1,000 MW by April 2019.

Existing
Capacity
(MW)

Paka, Terengganu

780

Pasir Gudang, Johor

390

Kuala Langat,
Selangor

720

Lumut, Perak

1303

Tanjung Gemuk, Port
Dickson
Teluk Gong, Malacca
Connaught Bridge
(Open Cycle)
Paka
Pasir Gudang
(Combined Cycle)
Pasir Gudang
(Open Cycle)
Serdang (Unit 1, Unit
2 and Unit 3)

The process for both Track 3A and Track 3B started on
18 Dec 2012 when EC invited companies to submit their
RFQs [15]. Although 30 companies submitted their RFQ,
only two companies were shortlisted for Track 3A. The
shortlisted companies were announced on 7 February 2013
are TNB and 1Malaysia Development Bhd (1MDB) with
their respective foreign partners. TNB has proposed to build
the plant in Manjung, Perak where 3 units of its coal plants
(3 units of 700MW) are operating and currently building the
fourth coal unit (1,000MW) which is expected to be
commissioned by 31 March 2015. The Manjung site can
cater for another 1,000MW which will be the fifth unit. On
the other hand, 1MDB has proposed to build the proposed
capacity on its existing Jimah site, which currently has 2
units of coal plant (2 units of 700MW). The Jimah site has
ample land to accommodate up to 2,000MW in additional
capacity. The two consortia were required to submit their
RFP by 20 May 2013. It has been reported that TNB
submitted a bid of 22.78 sen/kWh, two sen below 1MDB’s
24.86/kWh [16]. The result for Track 3A is expected to be
announced in July 2013.

436
434
478
999
249
205
326

WINNING BIDDERS FOR ICB TRACK 2
Capacity, levelised tariff and period

Genting Sanyen Power

675 MW; levelised tariff 35.3 sen/kWh
for 10 years

Segari Energy
Ventures

1,303 MW; levelised tariff 36.3 sen/kWh
for 10 years

TNB Pasir Gudang

275 MW; levelised tariff 37.4 sen/kWh
for 5 years

Meanwhile, on April 2013, EC has shortlisted 5
consortia for Track 3B based on their proposed sites as
shown in Table III [17]. The consortia will need to submit
their RFP documents by 30 September 2013. The result is
expected to be announced before the end of the year.
TABLE III.

SHORTLISTED BIDDERS FOR ICB TRACK 3B AND THEIR
PROPOSED SITES

The levelised tariff in both Track 1 and Track 2 bidding
exercises were derived by using projected 2016 market gas
price of RM42.24/GJ. Currently, the gas for the power sector
in the country is partly subsidized and will assume full
market price by 2016.

No
1.

D. ICB Track 3
The third ICB exercise comes in two packages; Track 3A
and Track 3B [15]. The first package, Track 3A, is the
construction of a coal plant at a brownfield site with a
capacity of 1,000MW. The brownfield site refers to a site
adjacent or near an existing interconnection facility or
substation. Due to the tight timeline of which the target
commissioning date for Track 3A is by October 2017, EC
has decided that any proposal involving wayleave
application will not be accepted.

2.

3.

Meanwhile, Track 3B entails the construction of coalfired plant at a greenfield site with a total capacity of
2,000MW. The Greenfield site refers to a new site where
bidders will be responsible to identify and secure an
appropriate site. The package is an open tender that requires
the construction of the interconnection facility and
acquisition of wayleave. The project requires the winning
bidder to construct transmission line to either one of the six
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Short listed bidders
1Malaysia Development Bhd;
and Mitsui & Co. Ltd.
Formis Resources Berhad,
SIPP Energy SdnBhd,
Posco Energy and Posco
Engineering & Construction Co.
Ltd.
TenagaNasionalBerhad,
Global Power Ventures SdnBhd
and China National Machinery
Import & Export Corporation.

Lead
member

Proposed site

1MDB

Jimah, N.S.
(Injection at
OlakLempit)

Formis

TanjungTohor,
Johor.(Injection at
Yong Peng East)

TNB

4.

Malakoff Corporation Berhad
and Sumitomo Corporation

Malakoff

5.

YTL Power International
Berhad and Ranhill Power Sdn
Bhd.

YTLP

TanjungHantu Segari, Perak.
(Injection at
Terong, Bruas)
Pulau Carey,
Selangor.
(Injection at
OlakLempit)
TanjungTohor,
Johor. (Injection
at Yong Peng
East)
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VI.

Uncertainties such as economic crisis, political crisis,
natural disasters and climate change can easily skew the
electricity demand forecast hence the GEP outcome. For
example, the economic boom in 1990s had led to few power
plants to be built as fast-track basis. One such plant was
Genting Sanyen Power Plant which contract was awarded in
January 1994 and commenced operation in March 1995 as
open cycle units initially and as combined-cycle plant one
year later with a total capacity of 720MW [20].

DISCUSSION

A. Experience From Recent ICB Exercises
Based on the recent ICB exercises, the bidding process
will take about 10 months to be completed. Then the
construction time given for the CCGT in the first ICB is
about 29 months. Nonetheless, the pre-tendering process
involving the decision making and preparation for the
bidding process may easily take another 5 months which
result in the total lead time for the CCGT around 3 years. As
such, any change in the demand forecast which requires fasttracked construction of power plants would not be favorable
for ICB exercise.

Undeniably, the bidding capacities offered in the ICB are
derived from the projected demand. Any major revision in
the demand forecast may impact the current ICB decision. If
demand slows down due to economic downturn, the country
may face with high reserve margin as the contracted
capacities are completed on time. Alternatively, if demand
surges, the country will need to issue fast track ICB exercise
or settle for direct negotiation of power plant construction or
power purchases from interconnection such as Singapore or
Thailand.

Competitive Bidding is a form of competition that invites
various companies to submit bidding for the project. Since
the lowest bid will win the project (as long as they adhere to
the technical requirements), companies are encourage to
offer their lowest price. Based on the analysis carried out by
SB, the average generation cost per unit by the plants
selected through the ICB Track 1 and Track 2 is lower by
29% than the first generation of IPPs, 20% lower than the
second generation IPPs and 19% lower than the existing
TNB’s gas-based thermal plants [18].

2) Existing Generating Capacity
The available capacity in the system is compared to the
demand forecast in order to decide for the earliest addition of
capacity into the system. Currently, the installed capacity in
Peninsular Malaysia stands at around 21.5 GW which makes
the reserve margin available in the system in 2013 about
34%, an excess capacity of 5.5 GW. This capacity is
contributed mostly by gas-fired plants at about 58% (open
cycle gas turbines and combined-cycle plants), coal-fired
plants at 33% and the rest from hydro and other small scaled
renewable. However, based on fuel availability and least cost
operation, the generation in 2012 is shown in the following
figure [21].

For ICB Track 3, it is expected that companies with
refutable name and backed by the government will manage
to offer lower price due to their ability to benefit from low
interest rates for their loans from financial institution. Many
analysts believed that companies such as TNB and 1MDB
will be a favorite in the ICB Track 3 exercises because of
their status as government linked companies hence the
favorable leverage to government-backed bond or loan [19].
B. Major Factors Influencing The ICB
1) Electricity Demand Forecast
The most important parameter to be considered in GEP is
the demand of electricity. It will decide whether the current
supply of electricity is sufficient or otherwise. The forecast
of electricity depends tremendously on the economic outlook
of the country which is reflected in the Gross Domestic
Product (GDP) growth projection. High GDP growth
projections simply imply high growth in electricity demand.
The value of GDP growth projection is decided after
thorough analysis of various sources such as analysis from
investment banks, central bank and international banks. The
maximum demand in Peninsular Malaysia is expected to
reach 17 GW by year 2014 and expected to grow at a rate of
between 2% to 4% annually.

Fig. 1. Generation Mix in Peninsular Malaysia 2012

The effect of energy efficiency improvements and
substitution effects due to co-generation or demand side
management on the three main sectors, namely industrial,
commercial and domestic consumers is also taken into
consideration when preparing for the electricity demand
forecast. In this case, a reduction rate of 0.7% is imposed
from growth each year from the base projection year and will
accumulate over the years which would result in effective
reduction in demand in the long run.

Existing capacity in the system may be extended as seen
in ICB Track 2 exercise. The capacity being offered for
bidding should be less than the total capacity of the retiring
plants in order to force bidders to offer their lowest price.
There would be no motivation for the bidders if they know
that all existing capacities are needed by the system. For
instance, in the ICB Track 2, the offered capacity for
extension is only slightly more than 2,000 MW while the
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total retiring capacity scheduled between 2015 and 2016 is
more than 6,000 MW. As such, the qualified bidders would
need to offer competitive price in order to be considered for
extension.

VII. SUMMARY AND CONCLUSION
The implementation of ICB has provided a platform for
industry players in the power sector to compete in
constructing and operating new power plants in the country
in a fair and transparent manner. Equally important, the ICB
exercise promotes new players to bring in superior
technologies which are more efficient in order to be able to
offer lowest price for the bidding. As a result, the consumers
will be able to enjoy competitive electricity tariff but with
greater quality in the long term.

With proper maintenance, power plant should be able to
operate beyond their design operating life. Some plants such
as the open cycle gas turbines (OCGT) are only lightly
operated as their main function is to serve the peak load
which only happens for few minutes a day. Nonetheless,
some plants running as the base load may not deteriorate as
much because they run continuously without the need to start
and stop in a frequent manner.

The completed ICB exercises, i.e. the ICB Track 1 and
Track 2 have shown some reduction in the average
generation cost per unit when comparing to the existing
power plants. It is expected that that the third ICB exercise
i.e. Track 3 will also show similar trends. With more
challenges and uncertainties expected in the future, it is
imperative for all parties involved in the GEP and
contracting of power plants to take necessary precaution to
mitigate any possibility of price hike in the electricity tariff.

3) Government Policy
Numerous possibilities can be explored when deciding
for future addition to the systems. Some technologies are
readily available in the market while others are still in the
developing stage. It is the common practice to consider only
technologies that are proven and available in the industries to
ensure that spare parts and expertise are accessible as and
when needed. The technology options that can be considered
for future plant-up are OCGT (Open Cycle Gas Turbine),
CCGT (Combined-cycle gas turbines), coal power plant,
hydro electric power plant, imports of electricity from other
systems, co-generation plants, renewable energy, demand
side management and nuclear power plant. These options are
subjected to constraints such as fuel availability, site
availability and fuel price. Among the examples given,
government policy can easily alter the current circumstances.

Nonetheless, some technologies that are too expensive to
built such as renewable projects and nuclear will not be
suitable for the ICB exercise. They will need strong
government will to be able to co-exist with the current
electricity generation.
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For example, a nuclear power plant that was considered
as an option beginning from year 2021 by a GEP study may
not be viable in another GEP study that is carried out a year
later. In that study, nuclear option may only be considered
post 2025 due to change in government policy. Nonetheless,
nuclear power plant would not be subjected to ICB as the
project is critical and requires government backed agreement
between the parties involved such as regulatory, fuel
arrangement, public acceptance and financial assistance.
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utility and customers by driving down costs, promoting
efficiencies while ensuring that the utility receives a fair rate of
return. Generally speaking, IBR is a tariff setting mechanism
which provides a systematic incentive for a utility to lower cost
through improved efficiency [4].

Abstract—Centralized power-purchasing units that exist
within a vertically-integrated entity have been criticized for
failure to provide a truly level playing field for the players in the
generation sector competing to sell power to the single buyer.
Efficiencies in dispatching and power planning are also
questioned as monopolistic markets often lack the competitive
motivation to deliver quality services. The recent wave of reform
in the Malaysian Electricity Supply Industry (MESI) sees the
implementation of Incentive Based Regulation (IBR) as an
economic regulation mechanism to replace the traditional rate-ofreturn based regulation (RORB). This paper demonstrates how
IBR can provide an elegant tool to extract efficiencies from a
single buyer in a vertically-integrated electricity industry. This
paper further highlights the key components of MESI’s IBR
framework. The tariff setting mechanism is included as well as
performance indicators that will track the operational efficiencies
of SB. A review on economic regulation in neighboring countries
is also included. Finally, the paper discusses how IBR can provide
an elegant solution to the major concerns plaguing the single
buyer market model.

II. OBJECTIVES
Notwithstanding deregulated electricity markets in other
countries, the Economic Council of Malaysia has made an
executive decision for MESI to remain in the single buyer
model as of now. Some argued that this model has major
disadvantages, and it is better to skip this stage altogether and
move directly to market [5].
The objective of this paper is to demonstrate how Incentive
Based Regulation can be used as a tool to regulate the Single
Buyer effectively. Thus, major shortcomings as described by
single buyer skeptics may be effectively mitigated.
III.

Keywords—Incentive Based Regulation; Malaysian Electricity
Supply Industry; Single Buyer; Vertically Integrated Utility

MESI IBR REGULATORY FRAMEWORK

The recent license granted to TNB by the Regulator
incorporates provisions for the establishment of IBR as an
economic regulation framework to be obligated on TNB. The
IBR framework encompasses tariff setting principles, incentive
mechanism to promote efficiency and service standards and the
tariff review process. The guidelines for IBR implementation
are specified in detail in the Regulatory Implementation
Guidelines (RIGs). The RIGs was issued by Suruhanjaya
Tenaga (ST), the industry regulator, on 1st January 2012.

I.
INTRODUCTION
The Malaysian Electricity Supply Industry (MESI) has
gone through various stages of reform and has evolved from a
predominantly single entity to a multiplayer industry
particularly in the generation sector. While the generation
sector is very much competitive, many parts of the industry are
still under the responsibility of the national electricity
company, Tenaga Nasional Berhad (TNB).

The incentive mechanism covers three areas:

As part of the ‘9+1 MESI reform package’ [1], the Single
Buyer department (SB) of TNB was formally established on
September 2012 as the single entity to procure energy from
generation plants [2]. Also included in the reform package is
the establishment of a superior tariff-setting framework and
regulation to replace the previous rate-of-return based (RORB)
regulation, which was perceived as non-transparent and
unsustainable.

· Operational efficiencies; incentives to pursue
efficiencies in operational expenditure (OPEX) and
capital expenditure (CAPEX),
· Financial efficiencies; incentives to pursue an efficient
capital structure, and
· Performance efficiencies; incentives to pursue
improvements in network performance and customer
services.

There are many benefits that can be gained from a wellstructured regulatory framework namely; lower cost of service,
improvements in quality of services and investment for
industry development [3]. As an economic regulation tool,
Incentive Based Regulation (IBR) (or sometimes Performance
Based Regulation (PBR)) seeks to balance the needs of both

The IBR implementation in Malaysia will commence in
Financial Year (FY) 2014 (September 2013 – August 2014) as
an Interim/Trial Period and the First Regulatory Period will be
from FY 2015 through to FY 2017 (September 2014 – August
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maintenance expenditure. Efficiency gains or losses are shared
with customers through tariff adjustments of up to 70 per cent.

2017). A regulatory period of three years is recommended for
the first term.
IV.

The service target performance incentive scheme (STPIS) is
administered to ensure that service quality is maintained. The
STPIS for TNSPs include a service component, market impact
and network capability component. AER sets separate
standards that reflect the circumstances of each network based
on past performance [11]. On the other hand, performance
targets for DNSPs covers four components namely reliability of
supply, quality of supply, customer service and guaranteed
service level (GSL). The GSL does not apply if the DNSP is
subjected to jurisdictional GSL obligations.

ECONOMIC REGULATION IN OTHER
COUNTRIES

A. The Philippines
Performance Based Regulation (PBR) in the Philippines is
the outcome of the Electric Power Industry Reform Act
(EPIRA) back in 2001. Under this law, the generation and retail
sector were open up to competition while the Transmission and
Distribution sector remained as regulated natural monopolies.
The Energy Regulatory Commission (ERC) was created as an
independent regulatory body and is authorized to establish
alternative forms of internationally accepted rate-setting
methodology for regulated entities within the industry [6].

For large individual projects requiring huge capital
expenditure, a separate assessment process or regulatory test
will be applied. The regulatory investment test for transmission
(RIT-T) and distribution (RIT-D) are similar, whereby RIT-D
will apply to investment projects over $5 million. Investments
that are deemed neither prudent nor efficient may be removed
from the regulatory asset base (RAB).

Under the Rules for Setting Transmission Wheeling Rates
(RTWR) framework, a revenue cap will be imposed on the
National Grid Corporation of the Philippines (NGCP); the
entity which is responsible for the operation and management
of the grid. The regulatory period is set at five years and the
Annual Revenue Requirement (ARR) set for this period will be
converted to a smoothed revenue cap to reduce the likelihood
of price shocks to consumers. This revenue cap will be
recalculated annually and adjusted to cater for economic
uncertainties via the Consumer Price Index (CPI) [7].

Recently, AER has embarked on the Better Regulation
program aimed to deliver an improved regulatory framework
for the long term interest of electricity customers. The new
guidelines will include an improved framework for assessing
expenditure proposals and calculate the allowed return on
assets, and will be published by end of 2013.

As of 2012, there are a number of 139 distribution utilities
(DUs) in the Philippines, of which 19 are privately-owned and
120 are electric cooperatives [8]. For private DUs, the
performance based rate setting framework is similar to the one
employed in transmission sector and is captured in the Rules
for Setting Distribution Wheeling Rates (RDWR). For electric
cooperatives, on the other hand, rates are set based on
benchmarking methodology. DUs under the PBR scheme will
be subjected to price cap regime with a regulatory period of
four years [9]. Performance incentive scheme incorporates an
S-curve, similar to the one employed in MESI IBR.

V.

SEPARATION OF BUSINESS ENTITIES AND
UNBUNDLING
Under the IBR framework, MESI has evolved from the
traditional vertically-integrated monopoly structure into the
Managed Market Model (M3) [12]. Five business entities that
are subjected to incentive-based regulation are defined namely;
TNB Generation (TNBG), Single Buyer (SB), Transmission
(TNBT), System Operator (SO) and Customer Services (CS).
The Independent Power Producers (IPPs) are collectively the
sixth business entity and contracts sale of electricity with the
Single Buyer. Each of these business entities will need to
establish its own set of Regulatory Accounts, also known as
accounting unbundling. This exercise creates distinct entities
with separate identification of costs and revenues, allowing for
disaggregation of tariff components. Fig. 1 illustrates the flow
of funds in the current M3 model.

B. Australia
The economic regulation for electricity network businesses
in Australia is embedded within the National Electricity Law in
Chapters 6 and 6A. The Australian Energy Regulator (AER)
approves pricing proposals and revenue requirements for all
electricity networks in the National Electricity Market (NEM).
Networks in Western Australia will be regulated by the
Economic Regulation Authority, while the Utilities
Commission regulates networks in the Northern Territory [10].

SB is the business entity entrusted to procure electricity
from IPPs and TNBG based on the terms of the power purchase
agreement PPAs) and service level agreement (SLAs). SB then
dispatches generation units based on a dispatch merit order and
also produces the day-ahead dispatch. In order to address the
issue of transparency and fairness in the generation sector, SB
and SO are ring-fenced within TNB and enforced with certain
rules and guidelines namely the SB &SO Rules and Code of
Conduct.

Regulatory period lasts for typically five years, whereby the
AER will undertake public consultation at least every three
years to develop its approach to setting the rate of return. For
Transmission network service providers (TNSPs), a revenue
cap is imposed. Control mechanisms provided for distribution
network service providers (DNSPs) varies across networks and
includes weighted average price caps and average or maximum
revenue caps.

VI.

SETTING THE SINGLE BUYER TARIFF

The final electricity tariff for customers is a bundled tariff;
consisting of the sum of CS tariff, Transmission tariff, SO tariff
and SB tariff. The forecasted average tariff for each business
entity will be applied and fixed over the Regulatory Term. This

Under the efficiency benefit sharing scheme, network
businesses are incentivized to achieve efficient operating and
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average tariff will consist of forecast annual revenue
requirements taking into account the approved weighted
average cost of capital (WACC).

VII. IMBALANCE COST PASS-THROUGH (ICPT)
As explained in the previous section, the SB tariff is
composed of two components. For the generation specific
component, the SB will forecast its generation cost based on
the current price of gas and coal. However, fuel prices tend to
get very volatile and may impact the profitability of the
generation utility. Hence, to protect TNB from this
inconsistency, a fuel price adjustment is allowed. The ICPT
consists of two components [14]:
1) Fuel cost past through: which captures the variation in
gas and coal cost as a results of changes in the fuel price,
quantity, foreign exchange etc., and
2) Other Generation Specific Cost Pass-Through
(GSCPT): which captures the variation in other fuels (e.g.
distillate and MFO), all costs incurred by the Single Buyer
under the PPAs and SLAs (incentive or bonus payments,
Liquidated Damages, Savings etc.) as well as the displaced
costs for the Renewable Energy.
Every 6 months, SB will compare its actual cost of
procuring electricity to its actual revenue based on the
generation specific component. SB will have to present detailed
analysis and documentation to verify the changes in fuel prices.
Any over or under recovery from the actual figure will be
passed on to customers in the following 6 month period.
VIII. PERFORMANCE INDICATORS FOR THE SINGLE
BUYER
The incentive framework for operational performance aims
to link electricity tariffs with TNB’s operational performances.
If TNB business entities exceed a certain target, TNB should be
allowed to charge slightly higher prices. On the other hand,
TNB should charge a slightly lower price if the utility performs
below a certain standard. However, there are caps on the
maximum incentives and penalties.

Fig. 1. Flow of funds within the Managed Market Model (M3)

The Single Buyer Tariff comprises of two elements:
1) Single Buyer Generation component: which is based on
all costs of generation including fuel, capacity payments and
other costs associated with the terms and conditions of the
PPAs, SLAs and other fuel procurement contracts; and
2) Single Buyer Operations component: which is based on
the other operational and capital related costs of running the
SB operations and includes an allocation of joint costs (if any).

The incentive scheme links the performances of the
business entities with the incentives or penalties based on the
S-curve. The proposed incentive scheme is illustrated in Fig. 2.

SB will operate under a Revenue Cap regime for its own
operating costs, while for generation specific costs, Actual cost
regime will apply. Under a pure Revenue Cap, annual revenue
is set for each year of the Regulatory Term. On the other hand,
Actual Cost regime will allow TNB to recover all of its actual
cost.
Under the Actual Cost regime, SB will pass on all actual
costs of procuring electricity from the IPPs and TNB
Generation, capacity payments and other costs associated with
the terms and conditions of the PPAs, SLAs and other fuel
procurement contracts to Customer Services. Actual cost of
procuring electricity from renewable generation and other
generation entities are also included. These costs will then be
passed on to electricity customers via the bundled tariff. Actual
Costs will be adjusted every six month. The tariff setting
framework is explained in detailed in RIG 2[13].

Fig. 2. S-curve for the Performance Incentive Scheme
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Several studies concluded that the acute electricity
shortages in South Africa are attributed to the single buyer
model [16]. The study claims that the generation sector lacks
investor confidence due to ESKOM’s stranglehold on the entire
electricity industry. Another study goes to propose that
ESKOM’s designation as the sole purchaser of electricity
should be revoked to encourage private sector involvement
[17]. For countries employing the single-buyer model,
transparency is vital. MESI’s IBR enhances transparency in the
single buyer model through the Single Buyer Rules, Ringfencing guidelines and SB Code of Conduct. These rules are
provided to ensure that SB behaves in a fair and transparent
manner, promotes investors’ confidence while preserving SB’s
credibility.

The dead-band lies between the Upper and Lower bound
targets and therefore there is neither incentive nor penalty for
performances in this region. If actual performance falls below
the Lower Bound Target, the penalty starts and caps out at for
example, 0.5% of annual revenue requirements (ARR) at the
Lower Bound Cap. Conversely, if actual performance is better
than the Upper Bound Target value, the incentive commences
and caps at for example, 0.5% ARR, when actual performance
reaches or exceeds the Upper Bound Cap. The revenue
incentive or penalty amounts for actual performance between
the upper and lower bound target values and their respective
cap values will be based on a straight line linear equation.
For the first Regulatory Term, the four sets of performance
indicators approved by ST for SB are as follows:
TABLE I.

PERFORMANCE INDICATORS FOR SINGLE BUYER

Performance
Indicator

1.

Dispatch deviation

Description
Measures the difference between actual
generation and least cost generation plan
within system limitations. The system
limitation is the limit in forecast deviation,
forced outages and gas volume

2.

Compliance to
Timely Settlement of
Generators' Invoices

Measures the percentage of verification and
settlement of generation capacity and energy
payment invoices made within the time
stipulated in the PPAs

3.

Number of noncompliance to the
Malaysian Grid Code
(MGC)

MGC is a set of technical specification
which defines the parameters an electricity
generating plant and grid system network
have to meet.

4.

Generation capacities in MESI are procured through a
transparent and competitive exercise; via competitive bidding.
This exercise is carried out by the Regulator and allows TNB to
compete on the same platform as the IPPs. Another study by
the World Bank acknowledges that competitive bidding has
reduced PPA prices by 25 percent [18] and pointed out that it is
the best methodology to assure transparency and fairness in the
energy procurement process [19].

Number of noncompliance to the
Single Buyer Rules
(SBR)

Another study proposed that the single buyer entity should
not be separated from the entity that will have to pay for the
long-term PPAs being tendered. Otherwise, the single buyer
entity might not have strong incentives to reliably produce least
cost plans or even to administer competitive tenders [20].
However, since SB is ring-fenced within TNB and rigorously
monitored under the IBR performance incentive scheme; this
concern may be mitigated.
X.

SUMMARY AND CONCLUSIONS

As TNB embarks on its IBR Interim Period by the end of
2013, the outcome of its implementation is yet to be seen. Yet,
IBR experiences in some countries are very encouraging and
display improved performance and cost savings [21]. Crucially,
the IBR tariff setting framework allows TNB to recover its true
cost of services, while ICPT mechanism allows the full
recovery of fuel and generation specific costs as carried out in
other jurisdictions.

SBR governs the operation of SB market and
conduct.

IX. DISCUSSION
A study carried out by the World Bank provided a list of
shortcomings associated with the single buyer model among
others; lack of transparency, stranded investment costs, overoptimistic forecast, non-competitive procurement and
inefficient generation dispatch [15]. In this section, it can be
seen that implementation of IBR and competitive procurement
in tandem may be the most advantageous solution.

SB plays a major role in supporting IBR’s goals and
objectives. In the absence of a pool market, SB acts as the off
taker and optimizes generation costs based on efficient dispatch
of generation. Furthermore, responsibilities of fuel
management, generation plant-up and load forecasting also lies
within SB. Therefore, sound and robust planning by SB will
lead to optimal operations by the system operator, efficient fuel
and energy procurement and successful implementation of
ICPT; translating to huge financial savings for TNB. Provisions
of incentive scheme within IBR are crucial to extract efficiency
and transparency from SB, while further complemented by the
competitive bidding exercise in the generation sector.

Previous RORB based regulation in MESI focuses on
recovery of historical cost without any incentive for pursuing
efficiencies. On the other hand, the tariff setting framework
under IBR focuses on recovery based on forecast efficient
expenditure. Accounting unbundling exercise creates separate
and transparent accounts for each business entity, preventing
cross subsidies between them. Thus, financial and operational
efficiencies of each business entity can be easily analyzed;
forcing each entity to operate in the most efficient manner.

Indeed, a myriad of opportunities are embedded within
IBR. IBR monitoring mechanism and reporting requirements
can be used to display TNB’s efficiencies that would otherwise
be overshadowed by political constraints. Moving forward, the
challenge for TNB is to demonstrate its ability to balance all
three types of efficiencies obligated upon them namely; cost,
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financial and operational efficiencies. Additionally, the ex ante
tariff setting approach requires excellent forecasting
methodology as any variation from the forecast will affect
TNB’s future revenues. Those are no easy feat requiring full
support from all stakeholders.
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ABSTRACT
Heat recovery steam generator is considered as one of the most important components of combined cycle
power plants. Any change in its design would directly affect the performance of the steam cycle and therefore
the performance of combined cycle power plants. In current research focuses has been made to a suitable
engineering design of heat recovery steam generator to be used in simple gas turbine unit of a power output of
150MW such as those in Beijie gas turbine unit in north of Iraq .The study of heat transfer coefficient effect
between the exhaust gases leaving the turbine and the working fluid in steam generated was adopted for
engineering design . Results show, that the maximum heat transfer is occurred in the evaporator section for
high pressure level and it occurred in the economizer section for low pressure level. However ,the optimum
design pressure for high pressure level of steam generator is 60 bar ,while low pressure level is found to be
6.0bar . Moreover ,table (2) and (3) give the design results for heat recovery steam generator for high and low
pressure levels .
Keywords: combined cycle power plant; Design of HRSG; heat transfer coefficients

NOMENCLATURE

Ab

At

Exposed bare pipe outside surface area per
unit length (m2/m)
pipe outside surface area among fins per unit
length (m2/m)
Fins surface area per unit length of
pipe(m2/m)
Total cross section area of the duct enclosing
bundle(m2)
Total outside surface area of heat exchanger
(m2)
Total outside surface area of pipe(m2)

b
cp

HRSG width (m)
Specific heat capacity (KJ/kg.k)

x
Z

Df
Dg

Header fluid diameter (m)
Hydraulic gas diameter (m)

Greek symbols
Friction pressure drop(pa)

d2

Fin diameter (m)

hydrostatic pressure drop (pa)

do

Outer pipe diameter (m)

Momentum pressure drop (pa)

di

inner pipe diameter (m)

Fin efficiency

Afo
Af
An
AT
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Transverse space between tow pipes(m)
Longitudinal space between tow pipes(m)
Space between tow fins
T

Temperature (k)

V

Velocity (m/s)

U

Overall heat transfer coefficient )kw/m2.k(
Vapor fraction
Number of fins per meter length(1/m)
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Eco

Economizer

𝜀

Effectiveness

Ev

Evaporator

μ

Viscosity)kg/m.s(

e

Thickness of fin (mm)

density )kg/m3(

Friction parameter

density at mean temperature )kg/m3(

G

mass fluid velocity (kg/ m2.s)

Evaporation rate)Kg/m3.s(

HP

High pressure

h

heat transfer coefficient )kw/m .k(

h

Enthalpy )KJ/Kg (

k

Thermal conductivity )kw/m.k(

Tow phase Multiplier
2

LP

Low Pressure

L

Pipe length (m)

̇

𝜏

Shear stress)N/m2(
surface tension)N/m(

Subscripts
des

design
fluid

Fin height (m)

g

gas

Mass flow rate(kg/s)

i

inlet

N

Number of pipes in each row

Liquid phase

nr

Number of rows in direction of flow

o

outlet

Q

heat rate (kw)

tp

tow phase flow

Re

Reynolds number, dimensionless

v

Vapor phase

SH

Super heater

I. Introduction
The electrical energy demand worldwide in the
developed countries and under developed countries is
growing significantly as a result of rapid industrial
expansion and high population growth. Thus,
reduction of energy costs and pollutant emissions ,all
these demands encouraged researchers and engineers
to look for different efficient and environmentally
acceptable technologies for power generation[1]
.Among these technologies are Combined Cycle
Power Plants (CCPPs) which consist of gas cycle or
Brayton cycle (topping cycle) and steam cycle or
Rankine cycle (bottoming cycle) ,two cycles linked
by heat recovery steam generator (see fig 1). Exhaust
heat from the gas turbine is recovered in a Heat
Recovery Steam Generator(HRSG) to produce steam
at suitable pressure and temperature. The produced
steam is then used to produce further electricity in
steam turbines. HRSGs are classified into single,
dual, and triple pressure types depending on the
number of drums in the boiler. Dual pressure HRSGs
have been widely used because they showed higher
efficiency than single pressure systems and lower
investment cost than triple pressure HRSGs[3,4].The
power generation and thermal efficiency of

Combined Cycle Power Plants (CCPPs) depend
strongly on the Heat Recovery Steam Generator
design which links the gas cycle with the steam cycle.
Therefore, the HRSG must be carefully designed in
order to maximize the heat exchanged and to improve
the overall performance of the plant [6].The main
challenge in designing of the HRSG is proper
utilization of a gas turbine exhaust heat in the steam
cycle with minimum heat exchange area. Many
authors have directed their researches to improve the
performance of CCPP through the suitable design of
operative parameters for HRSG .P.K.Nag and
S.De[5]has done design and operation of a heat
recovery steam generator generating saturated steam
for a combined gas and steam power cycle with
minimum irreversibility .They concluded that,
operating the HRSG at full load reduces entropy
generation, and also increases the number of transfer
units of evaporator and economizer beyond certain
cut-off values will have marginal benefit .C.Casarosa
and Franco [7] investigated the thermodynamic
analysis to design the operating parameters for the
various configurations of HRSG systems to minimize
Exergy losses, taking into account only the
irreversibility due to the temperature difference
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Fig 1. shows the sketch of combined cycle power plant (ccpp) with a dual pressure heat recovery steam generator

between the hot and cold streams (pressure drop not
accounting). All the solutions lead to the zero pinch
point and infinite heat transfer surface. B.V.Reddy et
al. [8] analyzed a single pressure HRSG to observe
the effects of various non-dimensional operating
parameters on the entropy generation number. They
showed that, the temperature difference between hot
gases and water has dominating effect on the entropy
generation rate. Franco and Giannini [9] show a
method based on hierarchical strategy for design of
the HRSG considering the maximization of the
compactness of the heat transfer sections and
minimization of the pressure losses. Valdes et al. [10]
proposed a methodology to identify the most relevant
design parameters that impact on the thermal
efficiency and the economic results of CCPP focusing
on the HRSG design. They proposed two different
thermoeconomic models aimed to determine whether
an increase in the investment is worthy from the
economic viewpoint .Zhixin Sun et al. [11] designed
conditions of A single pressure waste heat recovery
system when the temperature or flow rate of exhaust
gas fluctuates ,the results show that systems designed
at the upper boundary of fluctuation range of exhaust
gas could generate more power. Manassaldi et al. [6]
proposed a methodology for the HRSG design. Their
methodology applies a mixed nonlinear program
model to obtain the design according to three criteria:
net power maximization, the ratio between net power
and material weight maximization, and net heat
transfer maximization. From literature review, the
authors take some parameters in account and neglect
other else . The present study, aims to find the

suitable engineering design for dual pressure heat
recovery steam generator to reduce the Exergy losses
where the design included the dimensions of finned
tubes in each heat exchanger with minimum heat
exchange area and pressure drop.
II. HRSG description
The dual pressure heat recovery steam generator is
a series of heat exchangers, it consists of three heat
exchangers(economizer, evaporator ,Superheater) for
every pressure level (see fig 2). Economizers are used
to heat water close to saturation, evaporators to
produce saturated steam and superheaters to produce
superheated steam. Every heat exchanger is a bundle
tubes placed in-line or staggered arrangement
according to the manufacture. The flow of working
fluid(water or steam) in the pipes is horizontal flow
and the flow of exhaust is vertical flow that's mean,
each heat exchanger in the HRSG could be
considered a cross flow heat exchanger. The type of
circulation fluid in the evaporator is a forced
circulation by circulated pump for each pressure level
(fig2). Steam drums are used in HRSG to separate the
water from outlet steam from evaporator .The exhaust
gases of the gas turbine consider are a wake heat
transfer coefficients comparison with heat transfer
coefficients of working fluid in evaporator and
economizer therefore, finned tubes are used in HRSG.
Fins can be sold or serrated .The most important
parameters of HRSGs are pinch point, approach point
and gas side pressure drop through the heat recovery
system, which affect the effectiveness of heat
exchange. Pinch point is the difference between the
gas temperature leaving the evaporator section of the
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Fig 2 .The dual pressure heat recovery steam generator with temperature distribution on (Temperature - Enthalpy) diagram.

system and the saturation temperature corresponding
to the steam pressure in that section. Approach point
is the difference between the saturation temperature
of fluid and inlet temperature of fluid in evaporator.
Temperature-Enthalpy
diagram
showing
the
temperature profiles with two pressure levels is
illustrated in Fig. 2.

A. Assumed assumptions
some of the main assumptions to derive the
mathematical model are listed as follows:
 The system is assumed to be steady state.
 The exhaust gas mass flow rate, temperature and
chemical composition are obtained during the
simulation of simple gas cycle at different
atmospheric conditions.
 Unfired HRSG is considered.
 No cooling between heat exchangers is
considered
 Stack temperature no less than 100°C while feed
water temperature 30°C to avoid dew point[13] The forced circulation is assumed for horizontal
tubes in evaporator.
 The pressure drop in exhaust gas side and
working fluid side are taken into accounts.
 In-line tubes with solid fins are considered .
 Mass flow rate of working fluid in ECO,EV,SH
are taken equal in each pressure level.

III. Design of the HRSG
The design of HRSG depend on thermodynamic
parameters of exhaust gases from gas turbine in
simple cycle mode such as temperature ,pressure and
mass flow rate of gases to evaluate the operations
parameters and geometric design of HRSG .In this
research, operation parameters of gas turbine type
V94.2 Siemens are depended and listed below in
table 1 (sample at 27°C ) .
table 1 Technical data and operation parameters of
gas turbine at 27°C
Type :V94.2

Unit

Fuel

Base load

B. Mathematical model

Natural
gas

Distillate
oil

Low heat value LHV

KJ/kg

42217

4200

Fuel enthalpy

KJ/kg

…..

…..

Vanadium concentration

ppm

0

0

Fuel factor f
Nominal output at generator

….

1

1

MW

138.6

134.7

%

33.3

33.0

Kg/s

481

480

°C

545

545

Kg/s

9.9

9.7

Nominal efficiency at
generator
Exhaust gas flow
Exhaust gas temperature
Fuel consumption
Inlet guide vanes

%

The simulation of the system can be achieved when
the actual processes are represented by mathematical
model .The modeling of HRSG depend on mass and
heat transfer ,fluid dynamics and energy balance. By
adopting the assumptions listed above the following
mathematical model was derived .the nomenclature
of the main geometric variables are illustrated in
fig.3.

100
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Fig 3.Deatails of main geometric variables in HRSG.
C. Energy balance
The first step to simulate the design of HRSG is to
balance the mass and energy between the hot and cold
streams(gas side and water/steam side) on different
heat exchangers where the designed parameters (the
flow rate, temperature, pressure of superheated steam
and outlet temperature of exhaust gases ) can be
obtained .From fig 2,energy balance can be expressed
as equations below:
̇ =

̇

̇

̇

+ ̇

=
̇

=

=
̇

=
̇

=
̇

.

=
=

=

=

)

(2)

(

-

)

(3)

(

.

-

(

.
=

-

.

)

-

(
.

logarithmic mean temperature difference estimated
from following equation:
(

)

(

[

)

]

)

(9)

]

Effectiveness of heat exchanger in high and low
pressure are obtained as flows:
𝜀

(4)

(10)
𝜀

(6)

(11)

The overall heat transfer coefficient for each pipe is
obtained from Eq. (12).

) (7)

C .Modeling heat transfer coefficients and heat
exchange area

(

The designing method in this study is based on heat
transfer coefficients to obtain the heat transfer area
for each heat exchanger in high and low pressure
level of HRSG. Overall heat transfer coefficient U
by the total heat exchange area is calculated as flows:
̇

(

(5)

)
-

) (

[

(1)
(

.

=

=

̇
̇

̇

F: calculated from charts in reference [18]

) (

(

)

(12)
)

The thickness of pipe is considered very small but it
has high thermal conductivity therefore, its resistance
can be neglected and eq.(12) become as flows:
( )

( 8)

(13)

Several methods have been implemented in the model
to evaluate the heat transfer coefficient on the gas
side. Eq. (14) is a general equation, which evaluates
the Nusselt number in cross flow over pipes.[15]

Where j: refer to ECO, EV,SH in L.P&H.P and F is a
correct factor
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= .

(14)

(

μ

Equation. 14 can be written in another form :
(

) (

)

=0. 3

Where

(15)

)

(25)

́ =1/3 ́ =0.625

The width of HRSG is calculated from following
equation:
The velocity of exhaust gases is function of a cross
section area of HRSG and written as flows:
=

.

(

(16)

D. Gas side pressure drop

Sub eq. (16) in eq. (15) we get :

The calculation of pressure drop in gas considered is
very important to test the design and to avoid the
back pressure of gas in HRSG. In this case the
number of rows (nr) plays an important role in the
pressure drop evaluation. In this research ESCOA
correlation has been selected to estimate the pressure
drop of the gas inside HRSG as follows:

(17)
For a heat recovery, , and are 0.3, 0.625 and
1/3 respectively (Weir [15])
Effective heat transfer coefficients for gas side
calculated from following equation:

(

( )

Where
is the effectives of heat exchange surface
and calculated as flows[13] :
)( )

ʲ

)

(18)

(

(26)

)

(

(28)
)

( 29)

β

(19)

(30)

For solid fins and in-line arrangement for tubes
C2,C4,C6 are calculated as follows[13]:

Fins efficiency is estimated from following equations:
[14]

(31)
(20)
(21)
( )

( )

(32)

( )

( )

The ratio between surface of bare tube and finned
tube is estimated from following equation:
Ф

( )

(

)

(33)

D. Working fluid side pressure drop
Water pressure drop in economizer is
calculated as flows:

(23)

ƒ

Total heat transfer area in each heat exchanger is
calculated as flow:

(34)

g

ƒ

)
(24)
To estimate the Heat transfer coefficient of working
fluid ,the following equation can be used [15]
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Vapor pressure drop in super heater calculated as
flow:
ƒ

( )

( )

IV. Simulation of the design
Engineering Equation Solver program was used in the
simulation .EES program is one of modern program
in mechanical engineering applications, Moreover, it
has large data base of physical conditions for a lot of
fluids
such
as(enthalpy
,density,
thermal
conductivity..etc.).The simulation used in two stages
the first included simulate the operation parameters of
HRSG, and the second stage used to simulate the
geometric variables where one pipe is selected in
each bundle relative to another neighbor pipe in the
same row. In each iteration (UA) product is
calculated and compassion with( UAT) in equation (8)
and the iterations continuous until (UA) desired is
achieved .Successive substitute iterative method was
used in simulation. After the design of each heat
exchanger for both levels, the gas side pressure drop
calculated to test the design with different conditions
of gases from turbine . working fluid pressure drop in
economizer and super heater estimated directly from
eq. (33) and(34) but in evaporator, the pipe is divided
into many equal increments and uses the finite
difference to solve the governing equations
numerically ,Gauss-Seidel iterative method was
implemented.

(35)

But the calculation of pressure drop in evaporator is
considered very complex because different regimes of
two phases flow during transition boiling[12]
.however, the governing equations of pressure drop in
evaporator represented by mass and momentum
equations . mass conservation of the vapor and liquid
phases for the steady flow in one-dimension can be
written as
(vapor)

(36)

(liquid)

(37)

momentum equation of liquid and vapor phase is
combined
𝜏

(38)

Total
pressure drop in tow phase flow can be written as:
+∆

=∆

+∆

[(

(39)

)

(

V. Results and discussion:

) ]

The results showed that the heat transfer coefficient
of gas decrease when pipe length increase with
different numbers of fins fig (4) ,this case can be
explained that increase length pipe leads to increase
the hydraulic diameter of gas reduced the velocity
which caused decrease Reynolds number leading to
decrease heat transfer coefficient. From fig (5),it can
be noticed that pressure drop increase while fin
diameter increase with different number of rows
because of increasing friction parameter of gas with
the surfaces. Heat exchange area increase directly
with increase the designed stem pressure fig (6)
when the inlet feed water temperature about 420k
,this means that the enthalpy of working fluid
decrease with increase designed steam pressure,
therefore the heat exchange area is required to
achieve steam at designed conditions. Fig (7) shows
the effectiveness of heat exchangers are reduced
when the designed pressure increase with constant the
area and different inlet feed water temperature

is void fraction calculated from Rouhani
where &Axelsson correlation as follows [16] :
[(

)(

(

)

)]

The Lockard–Martinelli formulation is used to
estimate the friction term:[17]
( )

( )

(42)
(41)

∆Phs neglected in horizontal pipes[12].
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because the heat exchange isn’t sufficient to recover
the required heat. In fig (8) the stack temperature
increase with increase designed steam pressure when
the area and mass flow rate of working fluid are
constant where the heat transfer from gas becomes

little. Fig (9) and fig (10) show the heat transfer rate
and heat exchange area respectively in each heat
exchanger. Table (2) and(3) show results of
geometric
design
in
both
levels.
.
350

0.14

Z=150
Z=180
Z=210

0.1

gas pressure drop (pa)

heat transfer coefficient(KW/m².k)

nr=10
nr=20
nr=30
nr=40

300

0.12

0.08
0.06
0.04

250
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150
100
50

0.02

0
0.045

0
0

5
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0.05

0.055

0.06

0.065

0.07

0.075

0.86

55000

TW=300(K)
TW=350(K)
TW=400(K)
TW=430(K)

0.84

54800
0.82

effectiveness HP HRSG

TW=420(k)
54600

Area (m²)

0.085

Fig.5. Effect diameter of fin on gas pressure drop.

Fig.4. Effect length of pipe on heat transfer
coefficient of gas.

54400
54200
54000

0.8
0.78
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0.74
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100
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Pressure design (bar)

pressure design (bar)

Fig.7. Effect pressure design on the effectiveness of
heat exchangers.

Fig.6. Effect of pressure design an heat exchange
area .
386

120000

384
382

EV HP

100000

Tw=420 (k)
Heat Exchange (kW)

Stack temperature (k)

0.08

diameter of Fin (m)

Length of pipe (m)

380
378
376
374
372

80000

60000

SH HP
ECO LP

40000

ECO LP

EV LP

20000

370
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Pressure design (bar)
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0
1
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5

6

Fig.9. Heat transfer rate in each heat exchanger for both
pressure levels

Fig.8. Effect pressure design on the stack temperature
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25000

Table.3. Details geometric design of high pressure level
EV HP

AREA (m2)

20000

ECO HP

15000

parameter
(m)
z(1/m)
N
(m)
(m)
nr
UA(Kw/k)
hg(kw/ k)
b(m)
Drum H.P(bar)
Superheated
temperature(k)
Steam mass flow
(kg/s)
P gas(pa)
P in
water/steam(bar)

ECO LP
EV LP

10000

SH HP
5000

SH LP
0
1

2

3

4

5

6

Fig.10. Heat exchange area in each heat exchanger for
both pressure levels.
Table.2. Details geometric design of low pressure level
parameter
(m)

ECO
0.08

EV
0.08

SH
0.0705

z(1/m)
N
(m)

204
20
0.0535

190
20
0.0565

124
19
0.0531

(m)
nr
UA(Kw/k)
hg(kw/ .k)
b(m)
Drum high
pressure (bar)
Superheated
temperature(k)
Steam mass flow
(kg/s)
P gas(pa)
P in
water/steam
(bar)

22.78
26
1099
0.0692
5.12

22.78
32
1001
0.0611
5.12

22.78
16
25.66
0.0586
5.12
6

ECO
0.078
210
20
0.053
22.78
26
1078
0.069
5.12

EV
0.079
190
21
0.0565
22.78
44
1616
0.0624
5.12

SH
0.078
192
20
0.053
22.78
13
498
0.0598
5.12
60
791

63.82

63.82

63.82

144.7
0.723

307.8
1.54

142
0.62

466.8
13.79

13.79

13.79

85.95
0.124

129.4
0.13

108.9
0.09
2) Increase the heat exchange area about 2% lead to
increase heat transfer rate about (721kw) and in the
same time the pressure drop increase about (3pa)
3) According to exhaust gases conditions at different
ambient temperature, from the simulation the
optimum design pressure for high pressure level of
steam generator is 60 bar ,while low pressure level is
found to be 6.0bar.

VI .Conclusion
The main conclusions of this research can be listed
below:

4)The simple cycle gas turbine which is depended in
this research proved agreement to work in a
combined cycle used dual pressure heat recovery
steam generator.

1)The heat transfer coefficients of gas are weak
therefore ,the HRSG designed at large heat exchange
to produce steam at high pressure and temperature.
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Abstract- Lightning can cause serious damage to various type of
equipment through the lightning induced voltage (LIV) on power
line. Previous research have been carried out on the evaluation of
the LIV with respect to inclined lightning channel. However, a
little consideration has been done on evaluating the behaviour of
LIV with respect to the inclined channel (sometimes referred as
angle), line and lightning parameters. Therefore, the aim of this
paper is to evaluate the behaviour of LIV due to these variations
by taking into account the height of the conductor and the
striking distance. The guideline for calculating the LIV as
recommended by IEEE 1410-2010 has been considered. Results
indicate that the behaviours of LIV at different heights of
conductor and striking distances are non linear and the peak of
LIV due to these parameters shows the decreasing trend with the
increment of the inclined angle. Whilst another results show the
linear relationship obtained between the heights of conductor
and the variation of return stroke velocity, which in contrast
between the striking distance and return stroke velocity. These
results will be beneficial to the utility and electrical power
engineer for designing a proper and an appropriate lightning
protection system for iproving lightning performance of the
distribution lines.

Keywords-Lightning induced voltage, inclined lightning channel,
return stroke velocity, striking distance, lightning performance

I.
INTRODUCTION
Nowadays, mostly modern electronic equipment is used to
control the power system equipment on a distribution power
line. However, the modern electronic equipment is thus
exposed to transient lightning phenomena on the power line [1]
either as a direct lightning strike or as indirect lightning. In
references [2, 3], the modern electronic equipment will suffer
malfunction and damage if exposed to voltage transients that
are mainly caused by indirect lightning strikes. Therefore, it
very important to evaluate the effects of indirect lightning
which is able to create lightning induced voltages on a power
line. According to references [4, 5], the lightning induced
voltage on a distribution power line can be created through
experimental work and numerical calculation. In this paper,
numerical calculation of the induced voltage was applied. In
previous work to calculate the lightning induced voltage [6-8]
it was mostly assumed that the lightning channel struck the
surface of the ground vertically. However, according to
references [9, 10], the lightning channel is typically not
vertical but is in fact an inclined channel which can be seen for
a few hundred metres from the surface of the ground. It is
noted that the peak of the electromagnetic field and induced
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voltage is effective for a few hundred metres to be calculated a
few microseconds. In addition, several studies have been
undertaken to calculate and evaluate the induced voltage
caused by an inclined lightning channel [10-15]. However, less
attention has been given to evaluate the influence of the
inclined angle with respect to other parameters such the line
and lightning parameters. Therefore, this study is concerned
with evaluating the behaviour of the lightning induced voltage
arising from the effect of the inclined angle. The inclined
angles were varied at different conductor heights and striking
distances. Also, at specific inclined angles, the height of the
conductor and striking distance were varied for different return
stroke velocities. Thus, by the result of the lightning induced
voltage with respect to the effect of the inclined angle, the
protection level of a power line can be considered for each
effect of the inclined angle.
II. METHODOLOGY
The parameters modelled of an overhead 33 kV distribution
power line included the height of the conductor line and the
striking distance of the lightning to the power line. The height
of the conductor line was assumed to be in the range of 9 m to
15 m. This range was considered based on the type of overhead
distribution line in Malaysia such as the Lattice pole. This type
of pole is mostly located in rural fields which have a non-flat
ground surface [16]. Also, the striking distance applied was in
the range of 20 m to 100 m from the power line. The selection
of this range depended on the determination effect of the
indirect lightning strike through the EGM model [17,18]. The
velocity of the return stroke was in the range of c/2 to 2c/3
where c is speed of light [19, 20].
Moreover, in order to calculate the lightning induced
voltage, the block diagram as shown in Fig.1 was considered
so as to take into account the guides provided by IEEE
Standard 1410-2010. A current was applied at the channel
base,   with the step current function as an input to
calculate the return stroke current model,    . The return
stroke current was calculated for different times and heights
along the lightning channel by considering the Transmission
Line (TL) model. Then, the lightning electromagnetic field was
calculated by applying a numerical calculation method, namely
the dipole and Finite Difference Time Domain (FDTD)
method. The calculation was based on an observation point
with respect to the temporary changes in the lightning channel
by considering the vertical electric field,  and horizontal
electric field,  . The derivative of the vertical electric field
has been described in detail in reference [21] and the derivative
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of the horizontal electric field can be expressed by Equation
(1) [22]. Further, both of these derivative fields are effective
for use in the Agrawal model. Then, the induced voltage was
calculated by applying a coupling model such as the Agrawal
model in order to describe the interaction between the
lightning electromagnetic field with the power line [23,24].
 

 
Return stroke current model,
   

Fig. 2 shows the geometry problem, which is used to calculate
the electromagnetic field [22, 26]. Note that the lightning
channel was considered to be an inclined lightning channel.
The inclined angle,  was located between the z-axis and the
inclined lightning channel. Also, the height of conductor line, z
was considered as a point observation. The small inserted
figure in Fig. 2 shows the location of the observation point
angle, ф which in this paper is assumed to be a constant value
of 70°. Note that the power line was parallel with the y-axis.

Lightning electromagnetic
field,

 

Field to line interaction,
coupling model

r' is the temporary channel length along the lightning channel
isthe inclined angle
is the observation point angle
c is the speed of light ( )
 is  
 is  
R(r') is a radial distance from the temporary channel length
lightning channel to the observation point where:

Fig.1 Block diagram for calculating the lightning induced voltage.[25]

  
  

          

        





  




      
   

        









      
     
  

       
  
 

  




  
   
  




 
   







   



 
    


 










   

  



     

  

 

   










 

   




 

 












 
   






 
    


 









Fig 2. Problem geometry for evaluating the electromagnetic field due to an
inclined lightning channel [22, 26].


   


 


III.
RESULTS AND DISCUSSION
The results that were generated were based on the typical
parameters of an overhead 33kVdistribution line in Malaysia.
The behaviour of the LIV was observed based on the variation
of the inclined angle with respect to:


(1)

where;
x is the position of the observation point on the x-axis
(   )
y is the position of the observation point on the y-axis
(  
r is the radial distance from the channel base to the image of
the observation point on the surface of the ground
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1.
2.
3.

The height of conductor, 
The striking distance, 
The return stroke velocity, 

Fig. 3 shows the peak of LIV against inclined angle, for
different conductor heights was indirect and had a non-linear
relationship. The peaks of the LIV increased for an increase in
height of the conductor line and decreases with respect to the
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inclined angle. In addition, the peak of the LIV is seen to be
the highest value for the highest conductor line at 15m. This is
due to the influence of the radial distance, R between the
temporary charges in the lightning channel with the height of
the conductor line as shown in Fig. 2. As the height of the
conductor line increases, the radial distance becomes very
close and thus produces more current. At the BIL of 110 kV,
an inclined angle of less than 40° caused an excess voltage of
the peak LIV for a conductor line height of more than 11m.
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Fig 3. The behaviour of the LIV for variation of inclined angle and height of
conductor (at ф=70°,    ,=50m)

Fig. 4 represents the peak of the LIV against the inclined angle
with respect to the increase in striking distance at a conductor
height of 15 m. This shows that the peaks of the LIV have an
indirect and non-linear relationship. The relationship reveals
that the peak of the LIV increases for a decrease in striking
distance and shows a declining trend with respect to the
increase in inclined angle. In addition, the peak of the LIV is
seen to be the highest value for a very close striking distance to
the power line at 50m which generates an overvoltage. This
situation is influenced by the implemented of the EGM model.
An increase of at least 60 % of the LIV peak was observed
with a time delay for decreasing striking distance. Also, at an
inclined angle of less than 40°, the peak LIV exceeded the BIL
for a very close striking distance of 50m.
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Fig 4. The behaviour of the LIV for variation of inclined angle and striking
distance at specific of height of conductor (at ф=70°,    ,
h=13.48m)

In addition, Fig. 5 shows the behaviour of the LIV versus the
height of the conductor at a specific effect of theinclined angle
at 40°. The results indicate the peak of the LIV has a direct and
linear relationship with the variations of height of the
conductor and the velocity of the return stoke. The LIV peak
increases for a decrease in the velocity of the return stroke and
increases for an increase in the height of the conductor. It can
be seen that the highest value peak of the LIV is generated at a
velocity return stroke of 1.2   as well as due to the
influenced of the radial distance. A height of the conductor of
more than 14 m and avelocity range for thereturn stroke of
1.2  to 1.5  , should be noted since the LIV
generated exceeds the BIL of the system.
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Fig.5 The behaviour of the LIV for variation of height of conductor and
velocity of return stroke at specific inclined angles (at ф=70°, = 40° ,=50m,
v1=1.2  , v2=1.5  , v3=1.9  )

Lastly, Fig. 6 shows the behaviour of the LIV for different
striking distances with a variation in the velocity of the return
stroke for a specific inclined angle of 40°. Results represent the
non-linear relationship between them. The peak of LIV
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increased for a reducing velocity of the return stroke.
However, there is a declining trend for the increase in striking
distance. Also, at a striking distance ofless than 50 m for a
velocity in the range 1.2   to 1.5   the LIV
peak exceeds the BIL voltage.
Thus, the peaks of the LIV for the height of the conductor
line parameter and the radial distance show a declining trend
for an increase in the inclined angle. However, for the specific
inclined angle with a decreasing return stroke velocity, the
peak of the LIV for both of these parameters indicated an
increasing trend.
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Fig. 7 The behaviour of the LIV on variation of striking distance and velocity
return stroke at a specific inclined angle (at ф=70°, = 40°,  15m,
v1=1.2  , v2=1.5  , v3=1.9  ))
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IV.
CONCLUSION
In this paper, the findings show that the behaviour of the LIV
with respect to the inclined angle of the lightning channel are a
non-linear relationship with consideration of the conductor line
height and the striking distance parameters. However, at a
specific inclined angle, a linear relationship can be determined
between the height of the conductor line and the return stroke
velocity, which contrasts with the non-linear relationship
between the radial distance and the return stroke velocity. This
findings provide great benefit to the electrical engineers to
consider the appropriate level of protection scheme to be
implemented, when taking into account the BIL for that
system.

[15]

REFEENCES

[20]

[1]

[2]

[3]

J. Yanfei, Z. Jiang and L.Gang, ‘‘Study on the Application of Risk
Assessment and Monitoring of Lightning Disaster in Electrical
Equipment Insulation,’’inProc.Int.Conf on Properties and Applications
of Dielectric Materials, Harbin, China, July. 2009.
A.Kern, G.Dikta, Z.Flisowski, M.Marzinotto and C.Mazzetti,
‘‘Probability and frequency of damage of electrical and electronic
systems due to indirect lightning flashes’’, IEEE Lausanne Power
Technology, pp.754-759, July.2007.
A. Chiste, D.Kladar, ‘‘Electronic system protection via advanced surge
protective device,’’ Eaton’s Culter-Hammer, Calgary, Canada, 2002.

222

[16]

[17]

[18]

[19]

[21]

[22]

P.P. Barker, T.A. Short, A. R. Eybert-Berard, J.P. Berlandis,
‘‘Induced voltage measurements on an experimental distribution line
during nearby rocket triggered lightning flashes,’’ IEEE Transaction on
Power Delivery, vol. 11, no. 2, April.1996.
V.Jankov, ‘‘Estimation of the maximal voltage induced on an overhead
line due to the nearby lightning,’’ IEEE Transaction on Power Delivery,
vol.12, no.1, Jan. 1997.
C.A.Nucci, F.Rachidi,M.V.Ianoz and C.Mazzetti, ‘‘Lightning induced
voltages on overhead lines,’’ IEEE Transaction Electromagnetic
Compatibility, vol.35, no.1, Feb. 1993.
P.D.Kannu and
M.J Thomas,. ‘‘Lightning induced voltages on
multiconductor power distribution line’’, IEEE ProceedingsGeneration, Transmission and Distribution, vol 152, issue 6, pp. 855863, Nov. 2005.
J.O.S.Paulino, C.F. Barbosa, I.J.S. Lopes, and W. do Couto
Boaventura, ‘‘An approximate formula for the peak value of lightninginduced voltages in overhead lines’’, IEEE Transactions on
Power Delivery, vol. 12, issue 2, pp. 843-851, April. 2010.
J.Schoene, ‘‘ Analysis of parameters of rocket-triggered lightning
measured during the 1999 and 2000 camp blanding experiment and
modelling of electric and magnetic field derivatives using the
transmission line model,’’ University of Florida, 2002.
A.Sakakibra, ‘‘Calculation of induced voltages on overhead lines
caused by inclined lightning strokes, ’’ IEEE Trans. Power.Del., vol.4,
no.1, January.1989.
S.C.Wu and W.T.Hsiao, ‘‘Characterization of induced voltages on
overhead power lines caused by lightning strokes with arbitary
configuration’’, IEEE, 1994.
K.Michishita, M.Ishii and Y.Hongo, ‘‘Induced voltage on an overhead
wire associated with inclined return stroke channel-model experiment
on finitely conductive ground’’, IEEE Transaction on Electromagnetic
Compatibility, vol.38, no.3, Aug.1996.
R.Moini, S.H.H Sadeghi, B.Kordi and F.Rachidi, ‘‘An antenna theory
approach for modelling inclined lightning return strokes channel’’,
IEEE, 2006.
I.Matsubara and S.Sekioka, ‘‘Analytical formulas for induced surges on
a long overhead lines caused by lightning with an arbitary channel
inclinazation’’, IEEE, 2009.
A.Andreotti, U.D.Martinis, C.Petrarca, V.A.Rakov and L. Verolino,
‘‘Lightning electromagnetic field and induced voltage: Influence of
channel tortuosity’’, IEEE, 2011..
NA Abd. Rahman, ‘‘Study on Lightning Performance Improvement of
the 33kV TanjungBatu – Rompin Overhead Distribution Line’’, Final
Report TNB, TNB RESEARCH SDN BHD, 2008.
R. P. Souza, I. J. S. Lopes, and J. O. S. Paulino, ‘‘Inﬂuence of
electrogeometric model and statistical current distribution in distribution
lines indirect lightning performance estimation considering the ground
resistivity,’’ IEEE/PES T&D, Latin Ame´Rica, Novembro, 2010.
I. W. g. standard, "1410 TM IEEE Guide for improving the lightning
performance of electric power overhead distribution lines," IEEE Power
Engineering Society, 2004.
M. Izadi, M. Z. A. AbKadir, C. Gomes, V. Cooray and J. Shoene,
‘‘Evaluation of lightning current and velocity profiles along lightning
channel using measured magnetic flux density,’’Progress In
Electromagnetic Research, vol. 130, pp.473-492, 2012.
M. Izadi, M. Z. A. Ab. Kadir, C. Gomes, W. F. Wan Ahmad, “An
Analytical Second-FDTD Method For Evaluation of Electric and
Magnetic Fields at Intermediate Distances From Lightning Channel”,
Progress In Electromagnetic Research (PIER), Vol. 110, pp 329-352,
2010.
M. Izadi, M. Z. A AbKadir, and C.Gomes, ‘‘On the consideration of the
channel angle effects on the electromagnetic fields associated with
inclined lightning channel,’’ IEEE Int. Power. Engineering and
Optimization Conference, Melaka, Malaysia, June. 2012.
M.Izadi, M.Z.A Ab.Kadir, C.Gomes and W.F.H.WanAhmand,
‘‘Analytical expression for electromagnetic fields associated with the
inclined lightning channels in time domain,’’ Electric Power
Component and Systems, pp 414-438, 2012.

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

[23] C. A. Nucci, ‘‘Lightning-induced voltages on overhead power lines.
Part II: coupling models for evaluation of induced voltages,’’ Electra,
vol. 162, pp. 123–142, 1995.
[24] D.Djalel, H. Ali, and C.Benachiba, ‘‘Coupling phenomenon between the
lightning and High voltage networks,’’ Proceeding World Academy of
Science, Engineering and Technology, vol. 21, May.2007.
[25] M.Izadi, Thesis Master of Science, Improved Algorithm for evaluation
of lightning induced overvoltage in distribution lines, Universiti Putra
Malaysia, 2010
[26] M. Izadi, M. Z. A. A. Kadir, and C. Gomes, ‘‘Evaluation of
electromagnetic fields associated with inclined lightning channel using
second order FDTD-Hybrid methods,’’ Progress In Electromagnetic
Research, vol. 117, pp 209-236, 2011.

223

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

On the Relation between Ground Resistivity and
Lightning Induced Voltage Evaluation on the
Distribution Lines
M. Izadi1,2*, M. Z. A. Ab Kadir3
Centre for Electromagnetic and Lightning Protection Research (CELP), Faculty of
Engineering, Universiti Putra Malaysia, UPM, 43400 Serdang, Selangor, Malaysia
2
Aryaphase Company, Tehran, Iran
*
Email: aryaphase@yahoo.com

1,3

Abstract - In this paper, the values of lightning induced
voltage associated with a typical measured lightning current
from triggered lightning experiment on the distribution line
are evaluated where the ground reflection at channel base is
taken into account. The relation between the peak of lightning
induced voltage and the ground reflection factors at channel
base, as well as ground impedance and ground resistivity at
connection point are also considered and the results are
discussed accordingly. The results showed that the values of
lightning induced voltage are depend on the ground reflection
factor and ground resistivity at the strike point. These
information are very important for loghtning performance of
distribution system especially for setting up an appropriate
protection level on the line, considering the local information
of soil is very important and can be helpful for estimation
accurate lightning induced voltage.

to consider the ground resistivity data for an accurate
estimation of lightning induced voltage, which is mostly
ignored in the previous studies. The same thing goes to the
ground impedance, which depends on the values of ground
resistivity in that area. Therefore, this paper considers on the
effect of ground resistivity on the lightning induced voltages
with some basic assumptions are listed as follow;
1234-

II.

RETURN STROKE CURRENT

In this study, the lightning return stroke current at channel
base is simulated using double Heidler functions as expressed
by equation(1)[15-17].

Keywords: Lightning induced voltage, Ground resistivity,
Ground reflection, lightning performance
I.

The lightning channel is a vertical channel
The ground conductivity is perfect
The effect of lightning branches is ignored
The surface of the ground is assumed to be flat

I 0, t = [

INTRODUCTION

Lightning is a natural phenomenon for which the impact can
be affected on the stability of power networks. One of the
important effects of lightning is the lightning induced voltage
that occurs due to the electromagnetic coupling between the
lightning channel and the line conductor [1-5] i.e. when the
lightning strikes to the ground or any nearby object to the
power lines [6-7]. The amplitude of lightning induced voltage
is depend on the lightning current wave shape at channel base
and the shapes of current at different heights along lightning
channel, as well as the lightning electromagnetic fields due to
lightning channel. On the other hand, the ground impedance at
striking point can also influence the value of lightning currents
at different heights along lightning channel where the reflected
currents due to the difference between channel impedance and
ground impedancewill be used in the calculation. Furthermore,
the values of lightning electromagnetic fields are directly
dependent on the current values along lightning channel [811]. Likewise, this information will also affect on the
evaluated values of lightning electromagnetic fields and
lightning induced voltage [12-14]. Therefore, it is very crucial

! !!
τ!!
!!
η! !! !
τ!!

!!"

exp

!!
τ!"

+

! !!
τ!"
!!
η! !! !
τ!"

!!"

exp

!!
τ!!

Where:
i 0, t is the channel base current,
t is the time step,
i!" /  i!" is the amplitudes of the channel base current,
τ!! /τ!" is the first/second front time constant,
τ!" /τ!! is the first/second decay- time constant,
n! /  n! is the first/second exponent (2~10),
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Moreover, the typical values of lightning current parameters
are listed in Table 1 as follow;

Where:
λ is the constant parameter between 1000m to 2000m.
III.

Table 1. The channel base current parameters[16]
i!"
(kA)
10.7

i!"
(kA)
6.5

τ!!
(µs)
0.25

τ!"
(µs)
2.5

τ!"
(µs)
2

τ!!
(µs)
230

n!

n!

2

2

The value of ground reflection factor depends on the channel
impedance (typically equal to 330Ω) and the ground
impedance a striking point as expressed by equation (4) [18].
  ρ! =

On the other hand, the current waveshapes at different heights
along lightning channel are modeled based on equation (2) as
follow [13-14, 18];
i!" z ′ , t = [P z ′ i 0, t −

!′
!

+ ρ!   i 0, t −

!′
!

]U t −

GROUND REFLECTION FACTOR

!!" !!!

(4)

!!" !!!

On the other hand, the ground impedance can be represented
with the values of ground resistivity at striking point, as
expressed by equation (5).

!′

z! =

!!

ρ
!π!

!"

ln  ( − 1)
!

(5)

Where:

(2)

ρ is the ground resistivity,

Where:

l is the depth of rod (connection point),

z’ is the temporary charge height along lightning channel,

r is the radius of rod(connection point).

I(0,t) is channel base current,
P(z’) is the attenuation height dependent factor,

IV.

v is the current-wave propagation velocity,

In order to evaluate the lightning induced voltage at different
points along power line, the geometry of problem is shown in
Figure 1 [20];

v! is the upward propagating front velocity,
u is the Heaviside function as defined by
z′
u t−
=
v!

LIGHTNING INDUCED VOLTAGE

z′
v!
z′
0                    for  t <
v!
1                    for  t ≥

ρ!   is ground reflection coefficient equal to

!!" !!!
!!" !!!

,

z!"   is the surge impedance of return stroke channel,
z! is the ground impedance,
i!" z ′ , t is the return stoke current at different heights along
channel in presence of ground reflection factor.

It should be mentioned that MTLE model is considered in this
paper and the attenuation height dependent function is
expressed by equation (3) as follow [11, 19];
P(z’)=exp(-z'/𝜆)

Figure 1. The geometry of problem

(3)
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Noted that the values of v and λ are set on the 1.5×10! m/s
and 1500m, respectively. Figure 2 shows the waveshape of
channel base current where the current parameters are
obtained from Table 1.
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Figure 4. The behaviour of ground impedance against
ground resistivity changes
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On the other hand, using equations 4 and 5 and by setting the
channel surge impedance equal to 330Ω and both l and r at
0.5m, the behaviour of ground impedance against the ground
resistivity is shown in Figure 4, which illustrates that the
ground impedance has a direct relationship with the values of
ground resistivity.

Figure 2. The channel base current wave shape
Figure 3 illustrates the waveshapes of lightning induced
voltage at the middle of the power line where the length of
line is 2000m, the conductor height is 10m above the ground
surface and the striking distance is 50 m.
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Figure 5. The behaviour of ground reflection factor
against ground impedance changes

5

Figure 3. The lightning induced voltages for different
ground reflection factors

Whilst Figure 5 shows the behaviour of ground reflection
against ground impedance. The higher the ground impedance,
the lower the ground reflection factors (as demonstrated by
equation 4). Moreover, the effect of ground resistivity on the
values of lightning induced voltage is illustrated in Figure 6.
Result demonstrates that by increasing the ground resistivity,
the lightning induced voltage will be reduced. Another results
on the behaviour of lightning induced voltage versus ground
resistivity and also ground impedance are shown in Figures 7
and 8, respectively.

Figure 3 demonstrates the values of lightning induced voltage
which directly proportional to the ground reflection values at
the channel base. It shows that the peak value of lightning
induced voltage increases about 35% at   ρ! = 0.6 as compared
to the case where the ground reflection is neglected (  ρ! = 0).
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V.
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This paper provides the significant relation and effect of
ground reflection (due to difference between channel and
ground impedances) on the values of lightning induced
voltage. Moreover, the effect of ground resistivity on the
values of lightning induced voltage was also considered and
the results were discussed accordingly. Without all these
considerations, the determination of the appropriate protection
scheme can be affected due to the inaccurate evaluation of the
induced voltage which will result in the poor lightning
performance of the distribution lines.
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Figure 6. The lightning induced voltages for different
values of ground resistivity

REFERENCES
130

[1]

125

Vpeak(kv)

120
115
110

[2]

105
100
95
200

300

400

500
ρ(Ω.m)

600

700

800

Figure 7. The behaviour of lightning induced voltage
versus ground resistivity changes

[3]

[4]

130
125

Vpeak(kv)

120

[5]

115
110
105
100
95
50

100

150

200

250

[6]

300

Zg(Ω)

Figure 8. The behaviour of lightning induced voltage
versus ground impedance changes at striking point
[7]

Figure 7 shows that by increasing the values of ground
resistivity and ground impedance, the peak value of lightning
induced voltages has shown a decreasing trend. The results
illustrate that the values of lightning induced voltages are
strongly depended on the values of ground reflection, ground
impedance and ground resistivity at striking point. By taking
into account on the soil condition surrounding the power line
and the fact that those values will be used in the calculation,
the evaluated lightning induced voltage will be affected. In
contrast, the previous studies mostly ignored this condition for
the ease of calculation.

[8]

[9]

227

F. Rachidi, C. Nucci, and M. Ianoz, "Transient
analysis of multiconductor lines above a lossy
ground," IEEE Transactions on power delivery, vol.
14, pp. 294-302, 1999.
F. Rachidi, "Formulation of the field-to-transmission
line coupling equations interms of magnetic
excitation
field,"
IEEE
Transactions
on
Electromagnetic Compatibility, vol. 35, pp. 404-407,
1993.
C. A. Nucci, F. Rachidi, M. Ianoz, and C. Mazzetti,
"Lightning-induced voltages on overhead lines,"
IEEE
Transactions
on
Electromagnetic
Compatibility, vol. 35, pp. 75-86, 1993.
F. Mottola, "methods and techniques for the
evaluation of lightning induced overvoltages on
power lines," Doctorate, Electrical engineering
department, Federico II of Napoli, 2007.
V. Jankov, "Estimation of the maximal voltage
induced in an overhead line due to the nearby
lightning," IEEE Trans. on Power Delivery, vol. 12,
pp. 315-324, 1997.
N. Rameli, M. Z. A. A. Kadir, M. Izadi, C. Gomes,
and J. Jasni, "On the influence of inclined lightning
channel on lightning induced voltage evaluation," in
Lightning Protection (ICLP), 2012 International
Conference on, 2012, pp. 1-5.
C. A. Nucci, "Lightning-induced voltages on
overhead power lines. Part II: Coupling models for
the evaluation of the induced voltages," Electra, vol.
162, pp. 121–145, 1995.
M. Izadi, M. Ab Kadir, M. Askari, and M. Hajikhani,
"Evaluation of lightning current using inverse
procedure algorithm," International Journal of
Applied Electromagnetics and Mechanics, vol. 41,
pp. 267-278, 2013.
M. Izadi, M. Z. Ab Kadir, C. Gomes, and W. Wan
Ahmad, "Evaluation of electromagnetic fields due to
lightning channel with respect to the striking angle,"
International Review of Electrical Engineering
(IREE), vol. 6, pp. 1013-1023, 2011.

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

M. Izadi, M. Z. A. Ab Kadir, C. Gomes, and V.
Cooray, "Evaluation of lightning return stroke current
using measured electromagnetic fields," Progress In
Electromagnetics Research (PIER), vol. 130, pp. 581600, 2012.
M. Izadi, M. Z. A. A. Kadir, C. Gomes, and W. F. W.
Ahmad, "Numerical expressions in time domain for
electromagnetic fields due to lightning channels,"
International Journal of Applied Electromagnetics
and Mechanics, vol. 37, pp. 275-289, 2011.
M. Izadi, A. Kadir, and A. Rahman, "On Comparison
between Rusck and Taylor Coupling Models for
Evaluation of Lightning Induced Voltage on the
Power Lines (< Special Issue> Asia-Pacific
Symposium on Applied Electromagnetics and
Mechanics (APSAEM10))," 日本 AEM 学会誌, vol.
19, pp. S131-S134, 2011.
M. Izadi, A. Kadir, M. Z. Abidin, and M. Hajikhani,
"Evaluation of Electromagnetic Fields Due to
Inclined Lightning Channel in Presence of Ground
Reflection," Progress In Electromagnetics Research,
vol. 135, pp. 677-694, 2013.
M. Izadi, M. Ab Kadir, and M. Hajikhani, "The
analytical field expressions associated with lightning
channel in presence of ground reflection at striking
point,"
International
Journal
of
Applied
Electromagnetics and Mechanics, 2013.
M. Izadi and M. Kadir, "New Algorithm for
Evaluation of Electric Fields due to Indirect
Lightning Strike," CMES: Computer Modeling in
Engineering & Sciences, vol. 67, pp. 1-12, 2010.
Izadi.M, Z. Kadir.M, Gomes.C, and W. Ahmad.W,
"An Analytical Second-FDTD Method For
Evaluation of Electric and Magnetic Fields at
Intermediate Distances From Lightning Channel,"
Progress In Electromagnetic Research (PIER), vol.
110, pp. 329-352, 2010.
M. Izadi, M. Z. A. Ab Kadir, C. Gomes, V. Cooray,
and J. Shoene, "Evaluation of lightning current and
velocity profiles along lightning channel using
measured magnetic flux density," Progress In
Electromagnetics Research (PIER), vol. 130, pp. 473492, 2012.
M. Izadi, M. Z. A. Ab Kadir, and M. Hajikhani,
"Considering on the Ground Reflection Effect on the
Electromagnetic Fields due to Lightning Channel,"
JEET, vol. 8, pp. 824-831, 2013.
V. Cooray, The lightning flash: IET Press, 2003.
A. Andreotti, A. Pierno, V. A. Rakov, and L.
Verolino, "Analytical formulations for lightninginduced voltage Calculations," 2012.

228

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

Compressed Sensing Based Rotative Quantization in
Temporally Correlated MIMO Channels
Solomon A. Tesfamicael

Lars Lundheim

Dept. of Electronics and Telecommunications
Norwegian University of Science and Technology
Email: tesfamic@iet.ntnu.no

Dept. of Electronics and Telecommunications
Norwegian University of Science and Technology
Email: lundheim@iet.ntnu.no

Abstract—Channel adaptive transmission requires knowledge
of channel state information at the transmitter. In temporally
correlated MIMO channels, the correlation can be utilized to
reduce feedback overhead and improve performance. In this paper, Compressed Sensing (CS) methods and rotative quantization
are used to compress and feedback channel state information for
MIMO systems as an extension work of [1]. Using simulation, it
is shown that the CS based method reduces feedback overhead
while delivering the same performance as the direct quantization
scheme.

I. I NTRODUCTION
In modern wireless communications multiple-input
multiple-output (MIMO) systems are integrated due to their
advantage in improving performance with respect to many
performance metrics. One of the advantages is the ability
to transmit multiple streams using spatial multiplexing [2].
However, one needs channel state information (CSI) at the
transmitter in order to get optimal system performance [3].
In frequency division duplexing (FDD) MIMO a dedicated
feedback channel of limited capacity is usually assumed.
Several limited feedback strategies are proposed using
codebooks which are both known to the transmitter and
receiver [4] - [9].
Temporaly correlation of wireless channels can be used to
reduce the feedback requirement in limited feedback systems.
One technique to reduce the feedback requirement in temporally correlated channels is to quantize the rotative change of
singular vectors. For instance, differential rotation feedback is
proposed in [4].
In [1], scalar quantization using adaptive range is used
to utilize the temporal correlation. This paper, extends the
work done in [1] by introducing the concept of Compressed
sensing (CS) for rotative quantization methods. The nearsparse nature of the rotation matrices is used to reduce the
feedback requirement by using compressed sensing based
coding and decoding.
Recently questions like, why go to so much effort to acquire
all the data when most of what we get will be thrown away?
Can we not just directly measure the part that will not end
up being thrown away?, that was paused by Donoho [13]
and others, triggered a new way of sampling or sensing
called compact (”compressed”) sensing (CS). In compressed
sensing (CS) the task is to estimate or recover a sparse or

compressible vector x ∈ RN from a measurement vector
y ∈ RM . These are related through the linear transform
y = Ax. Here, x is a sparse vector and M ≪ N . In the
seminal papers [13] and [15], x is estimated from y, by
the algorithm: min ||x||0 such that y = Ax, This is a non
convex NP-complete. The usual wisdom is to solve it using
approximation with min ||x||1 such that y = Ax, which is
a convex optimization problem [13] - [17]. One of the most
famous approaches is the l1 -regularized least square or LASSO
and we used this eastimator as a recovery algorithm in this
paper.
The concept of applying compressed sensing for limited
(compressed) feedback of parameters of the channel is well
known [10]- [12]. In this paper though, we combine rotative
quantization and CS to reduce the feedback overhead in
temporally correlated MIMO channels.
This paper is organized as follows. First we give the MIMO
system model that we work with in Section II. In Section
III, we review the concept of rotative quantization. In Section
IV, it is shown how rotative quantization can be combined
with CS to reduce the feedback overhead. Then in section
V, the performance of the proposed method is shown using
simulations. The last section gives conclusion and future work.
II. S YSTEM M ODEL
Considering a frequency division duplex (FDD) MIMO
system consisting of Nt transmit and Nr receive antennas we
assume that the channel is a flat-fading, temporally correllated
channel denoted by a matrix H[n] ∈ CNr ×Nt where n
indicates a channel feedback time index with block fading assumed during the feedback interval. Applying Singular Value
Decompostion (SVD) of H[n] gives H[n] = U[n]Σ[n]VH [n],
where U ∈ CNr ×r and V ∈ CNt ×r are unitary matrices and
Σ ∈ Cr×r is a diagonal matrix consisting of r = min(Nt , Nr )
singular values.
In the presense of perfect channel state information (CSI)
a MIMO system model can be given by the equation
ỹ = UH [n]H[n]V[n]x̃ + UH [n]n

(II.1)

where x̃ ∈ Cr×1 is transmitted vector, V[n] is used as
precoder at the transmitter, UH [n] is used as decoder at the
reciver, n ∈ CNr ×1 denotes a noise vector whose entries are
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i.i.d. and distributed according to CN (0, 1) and ỹ ∈ CNr ×1
is the received vector.
In practice, partial channel state information is available at
the transmitter, hence we assume that only a quntized version
V̂[n] is available, Further, assuming a generalized receiver
R[n], (II.1) becomes:
ỹ = RH [n]H[n]V̂[n]x̃ + UH [n]n.

(II.2)

In this paper we consider two different alternatives for R[n].
Assuming a minimum mean square error (MMSE) approach
we get
[(
]−1 (
)H
)H
R[n] = H[n]V̂[n] H[n]V̂[n] + rσn2 I
H[n]V̂[n] .
Alternetively, a Mached Filter (MF) receiver gives
(
)H
R[n] = H[n]V̂[n] .
The reciver estimates the channel from pilot symbols, computes SVD, quantizes and then feedbacks Ṽ[n].
Further we assume a first-order Gauss-Markov process
to model the channel variation in a channel with temporal
correlation as used in [1] and [4] given by the equation
√
H[n] = ρH[n − 1] + 1 − ρ2 G[n]
(II.3)
where ρ is the temporal correlation and G[n] ∈ CNr ×Nt
denotes the innovation process having i.i.d. entries distributed
according to CN (0, 1). ρ is given by ρ = J0 (2πfd τ ), where
J0 (·) is the zero order Bessel function of the first kind, τ is the
channel feedback interval, and fd is the Doppler frequency.
III. ROTATION BASED Q UANTIZATION
In the temporally correlated environment we apply a
rotation based limited feedback system for a Rayleigh flat
fading MIMO channels as in [4]. The differential rotation of
the precoder matrix at a time index n, V[n], compared to the
one at a previouse time instant,V[n − 1] is quantized. This
has advantage of reducing the feedback overhead.
The precoder matrix V[n] can be represented equivalently as
V[n] = T[n]ĨNt ×r

(III.1)

for comparison. This is Algorithm 1 below, where Θ [n] is
vectorized and vector quantization of the resulting vector is
used. The codebook used for vector quantization consists of
vectors uniformly distributed in a Nt × r dimensional unit
hypersphere. We have assumed that the feedback channel is
error free and the only inaccuracy comes from quantization
error.
Algorithm 1 Rotative Quantization feedback using CS for
temporally correlated MIMO channels
1. Initialization: (both transmitter and receiver)
˜ = IN ×N .
Set T[0]
2. For each time index n ≥ 1:
Receiver:
Obtain Θ [n] = T̂H [n − 1]V[n].
Update T̂[n].
Perform vector quantization of Θ̂[n].
Transmitter: Re-construct Θ̂[n] from received parameters.
Obtain the estimate of the current singularvector matrix using
V̂[n] = T̂[n − 1]Θ̂[n].

To simplify the analysis we assume Nr = Nt = N , for the
rest of the paper.
IV. Q UANTIZATION USING C OMPRESSED S ENSING
We will now modify Algorithm 1 above by using CS instead
of direct quantization of Θ̂[n]. The approach is summarized in
Algorithm 2 and Fig.1 below. The first step is to arrange the
entries of Θ [n] in a column vector x. We denote this operator
by x = vec(Θ [n]). Assuming strong correlation, Θ̂[n] will be
close to diagonal and x[n] sparse. Next, we apply a random
fat matrix A, which is known both to the transmitter and the
reciver, to get another vector y = Ax, which has much less
dimension than the orignal vector x. A quantized version ŷ is
sent through the feedback channel. The receiver reconstructs
x̂ from the recived vector ŷ and the matrix A using LASSO:

Nt ×Nt

where, T[n] ∈ C
is a matrix containing all singular
vectors and Ĩ[n] is a matrix composed of the first m columns
of the identity matrix INt ×Nt . As in [1] we assume that both
reciver and transmitter has a common estimate T̂[n] of T[n].
Then we can define a rotation matrix
Θ [n] = T̂H [n − 1]V[n]

(III.2)

where, Θ [n] ∈ CNt ×r . A quantized version Θ̂[n] is then
fedback to the transmitter where an estimate
V̂[n] = T̂[n − 1]Θ̂[n]

(III.3)

can be reconstracted.
In order to quantize Θ [n] various methods can be used.
Vector quantization of this matrix is used in [4], parametrization using Givens rotations is also used in [1]. Before introducing our new method, we present a baseline approach

x̂ = argmin ||ŷ − Ax||22 + ||x||1 .

(IV.1)

x

Then we apply the reverse process of the vectorization,
unvec(x̂), and we get Θ̂[n], which is an estimate of Θ [n].
Finally, since we are interested in estimating V[n], we can
derive it from V̂[n] = T̂[n − 1]Θ̂[n].
V. R ESULTS
In order to verify the proposed algorithm, we consider a
2 × 2 MIMO channel with a temporal correlation of 0.98.
Spatial streams are assumed to be transmitted with equal
power allocation in the 2×2 MIMO system. Unitary precoding
is applied based on the feedback, and matched filter or MMSE
equalizers are applied at the receiver.
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Algorithm 2 Rotative Quantization feedback using CS for
temporally correlated MIMO channels
For each time index n ≥ 1:
Receiver:
Vectorize Θ [n] obtained from algorithm 1, x = vec(Θ [n]).
CS encoding y = Ax.
Quantize y and feedback the resulting ŷ.

14
Perfect CSI
Without CS and B=10
12

With CS and B=5

Sum Rate (bits/s/Hz)

10

Transmitter:
Recover using LASSO, x̂ = argmin ||ŷ − Ax||22 + ||x||1 .
x

Unvectorize x̂ to get Θ̂[n] .
Obtain V̂[n] = T[n − 1]Θ̂[n] (as in algorithm 1).
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Fig. 2. Sum rate vs. SNR for a 2 × 2 MIMO system with and without CS
with two streams,
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Fig. 1.

Algorithm 2

Three methods are compared in the simulations in Fig.3,
Fig.2 and Fig.4. The first is the perfect channel state information scenario. The second is using Algorithm 1. The third
method is using Algorithm 2.
In Fig.3, and Fig.2, sum rates are compared against signalto-noise-ratio (SNR); result using both matched filter and
MMSE receivers is shown. In the second method, a total
feedback bits B = 10 are used. On the other hand, the CS
method uses half the number of bits, B = 5. We can observe
that the performance of the CS method is almost equal to that
of the method without using CS while saving half the number
of bits.
The advantage of CS can also be confirmed from the result
in Fig.4, where the bit-error-rate is plotted but in this case
the CS and without CS using same number of bits. In this
case, we observe that the CS method has a better bit error
rate performance. These two figures demonstrate the clear
advantage of using CS in feedback of singular vectors in
rotative based method.
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Fig. 3. Sum rate vs. SNR for a 2 × 2 MIMO system with and without CS
with one stream,

of CS reduces feedback overhead significantly while delivering
the same performance. On the other hand, CS based feedback
improves performance as compared to direct quantization for
the same feedback overhead. CS based limited feedback is
in general a promising method that can be applied in various
scenarios taking advantage of the sparse nature of the elements
to be quantized.
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ACKNOWLEGMENT

We are greatful to Bruhtesfa Godana for interesting discussions and suggestions.

VI. C ONCLUSION
In this paper, the concept of compressed sensing (CS) is
applied to limited feedback in temporally correlated MIMO
channels. The near-sparse nature of the rotation matrices is utilized to combine techniques from CS with rotative quantization
for reducing feedback overhead. Simulations show that the use
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are impaired glycemic control [7-8] and the formation of
advanced glycation end products(AGEs) [3]. Previous study
demonstrated the association between HbA1c and arterial
stiffness in diabetic patients with and without hypertension.
Arterial stiffness has been assessed using noninvasively
technique with brachial-ankle pulse wave velocity (ba-PWV)
[9]. Several works have applied photoplesthysmograph(PPG)
as the alternative method for assessing arterial stiffness
noninvasively [10-13].

Abstract— Monitoring of the arterial condition promises an
advantage in detection of any abnormalities occurred among
diabetic patients. In this study, the characteristic of
photoplethysmogram (PPG) has been investigated non-invasively
to measure the status of arterial stiffness. A total of 101 Type 2
diabetic patients, aged 50 to 70 year were participated in this
study. The patients divided into two groups which Group 1
consist of patients with HbA1c<8% and those with HbA1c>10%
is in Group 2. An area under curve (auc-PPG) has been
investigated and chosen as PPG parameter. An independent
sample t-test used to compare an auc-PPG between two levels of
HbA1c which are HbA1c<8%(Group 1) and HbA1c>10%(Group
2). The result shows that auc-PPG has been found significantly
higher among diabetic subjects with HbA1c<8% than those with
HbA1c>10% (Group 1 (M=0.455, SD=0.068), Group 2 (M=0.403,
SD=0.067), p<0.0001). Further analysis is carried out to
investigate the effect of age on auc-PPG. As a result, the mean
values of auc-PPG is still significantly higher among diabetic
patient with HbA1c<8% than those with HbA1c>10% (Group 1
(M=0.453, SD=0.009), Group 2 (M=0.405, SD=0.009), p<0.0001).
The auc-PPG could be considered as one parameter in
determining the status of arterial stiffness in relation to the level
of HbA1c.

PPG is an optical non-invasive measuring technique that
can be used to detect blood volume changes in the peripheral
vessels at different body parts (fingers, earlobes, toes, etc) and
often used in clinical research [14]. The blood volume
pulsations, produced by the heart, propagate through the
arterial tree. These pulsations are affected by reflected waves
from the arterial branching sites. The fingertip PPG expresses
change in the volume of blood in the fingertip as the pulse
waves. This provides information on beats of aortic origin,
characteristics of the vascular system, properties of peripheral
vessels and the state of blood flow [15]. The blood pressure
pulse is similar to the PPG blood volume pulse, with similar
changes occurring in vascular disease, such as damping and
loss of pulsatility. The damping has been associated with a
reduction in vessel compliance and increased peripheral
resistance, although these changes have yet to be fully
explained. PPG is the most often non-invasively employed and
operates at a red or near infrared wavelength [14]. The
advantages of this technique are it is simple to use, ease to setup, low in cost and it is operator-dependant.

Keywords— Atherosclerosis, Cardiovascular disease, Diabetes
mellitus, Vascular endothelium, Photoplethysmogram.

I.

INTRODUCTION

Complications of atherosclerosis cause high morbidity and
mortality in patients with diabetes mellitus. The global
prevalence of diabetes is estimated to be 220 million [1].
Diabetes mellitus is a group of metabolic disease characterized
by hyperglycemia resulting from defects in insulin secretion,
insulin action, or both. Type 2 diabetes, the most prevalent
form of diabetes, is often asymptomatic in its early stages and
can be remain undiagnosed for many years and one-third to
one half of type 2 diabetes is undiagnosed [2]. Type 2 diabetes
represents more than 90% of those with diabetes and
atherosclerosis [3].

Haemoglobin A1c (HbA1c) is used to quantify average
blood glucose levels over a 3-month period [16]. Several
studies have reported that microvascular complications of
diabetes are strongly associated with HbA1c and any
reduction in HbA1c is likely to reduce the risk of
complications [17].
Therefore, the aim of the present study is to evaluate the
association of arterial stiffness with PPG-based technique with
two level of HbA1c (HbA1c<8% and HbA1c>10%) among
diabetic patients.

Previous study has reported that atherosclerosis is strongly
associated with arterial stiffness [4]. Several studies have
demonstrated an increase trend in arterial stiffness in Type 2
diabetes [5-6]. The main contributor to the increased arterial
stiffness in Type 2 diabetes is age. Other possible contributors
This research is funded by the eScience grant (No. 03-01-02-SF0703)
from the Ministry of Science, Technology and Innovation (MOSTI),
Malaysia.
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II.

METHODOLOGY

A. Subject
A total of 101 Type 2 diabetic patients, aged 50 to 70
years, were recruited from the Endocrine Clinic at UKM
Medical Centre from August 2010 to January 2011. These
patients were confirmed diabetics by the clinical records. The
study protocol has been granted approval by the Research and
Ethics Committee of the National University of Malaysia
Medical Centre and written informed consent of all
participants was obtained.
Participants were questioned in detail using a questionnaire
covering the sociodemographic factors, smoking habits and
medical record review. Blood pressure (BP) was measured in
a sitting position by experienced nurse. Hypertension was
diagnosed for those who had been under treatment by antihypertension treatment medications.
Fig. 1. Signal after preprocessing stage.

The HbA1c level was measured by HPLC Ion Exchange
method. Serum total cholesterol, and triglycerides were
measured using an enzymatic colorimetric method, whereas
HDL-cholesterol was measured using homogeneous enzymatic
colorimetric. All subjects underwent laboratory test for
mentioned measurements at the hematology and pathology
laboratory of UKM Medical Centre, Malaysia. They were all
fasting.
B. PPG Recording
PPG system consisting of sensor, software and hardware
(OEM-601 from Dolphin Medical Inc.), was utilized to record
PPG signal. The software was pre-installed to a personal
computer for ease of data acquisition, restoration and analysis.
The PPG signal was acquired using one connected finger probe
which operated in transmission mode with red light emitting
diodes (wavelength=660nm). At a sampling rate of 275 Hz and
16-bit resolution, data was recorded using computer and saved
in ASCII format. Measurement was performed in a clinical
environment at a room temperature of 250C. The PPG signal
from the subjects was recorded in sitting position with right
arm at the heart level. The finger probe was attached to index
finger of the right arm. Subjects were asked to stay comfortably
and breathe normally for the duration of 90 seconds.

Fig. 2. Signal with valley detected.

C. Data Processing
The recorded PPG signals were pre-processed off-line
using customized algorithm developed in MATLAB (The
MathWorks, Inc.). Initially the signal underwent a
preprocessing stage which consisted of detrending and bandpass filtering. Signal detrending was used for removing
outliers, drifts, offset and motion artifacts, whereas the effects
of the respiratory rhythm and higher frequency disturbances
were eliminated by band-pass filtering (0.6-15Hz). Figure 1
shows an example of signal after preprocessing stage. A
customized PPG valley detection algorithm was used to detect
the entire valley in the data length. One pulse has been defined
as two consecutive valleys. Figure 2 illustrates the example
signal with valley detected.

(a)
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III.

RESULTS

A. Comparison Analysis
All analyses were conducted using the SPSS software
program (SPSS 16). Data were presented as either frequency
(percentage) or mean (standard deviation). An independent
sample t-test was used to compare age, lipid profile, systole,
diastole and auc-PPG. Gender was compared between study
groups using a Chi-square test. P-value <0.05 was considered
to be statistically significant.
An independent sample t-test was employed to investigate
whether Group 1 and Group 2 differed in auc-PPG. The
following assumptions were tested and met:
(b)

1.
2.
3.
4.

Fig. 3. Reference pulse and some of pulse of PPG signals with error
percentage: (a) 21.12%, (b) 28.34%

Some examples of reference pulse and some of pulse of
PPG signals with different error percentage are shown in
Figure 3. Next, the area under curve (auc-PPG) was calculated
for the selected pulse PPG. Auc-PPG was calculated using
trapezoid rule in MATLAB with following equation:

auc 

1
a1  a 2  ...an t
2

groups were approximately the same size
the variances of the two populations were equal
observations were independent
the dependent variable was an approximate normal
distribution

Group 1: diabetic patients with HbA1c < 8%. There were
53 patients in Group 1 (24 male and 29 female).
Group 2: diabetic patients with HbA1c>10%. There were
48 patients in Group 2 (26 male and 22 female).
There was a statistically significant difference on auc-PPG
between Group 1 and Group 2, t(99) =3.868, p<0.001, effect
size(eta2)=0.111. Auc-PPG for Group 1 (M=0.455,
SD=0.068) was statistically higher than Group 2 (M=0.403,
SD=0.067) and the effect size ranged from medium to large.

(1)

where a = amplitude and Δt = small change in time
The trapezoidal rule is a numerical integration method to
be used to approximate the area under a curve or the integral.
Using trapezoidal rule to approximate the area under a curve
first involves dividing the area into a number of strips of equal
width. The sum of these approximations gives the final
numerical result of the area under the curve.

TABLE I: CHARACTERISTICS OF THE STUDIED SUBJECT
Characteristics
Group 1
Sample size, n
53
Male (%)*
24(45.3)
Age (years) †
54.91 (50-70)
Systole (mm Hg)
139.82 (17.14)
Diastole (mm Hg)
74.62 (9.19)
Triglycerides
1.45 (0.71)
(mmol/L)
Hdl (mmol/L)
1.24 (0.32)
Ldl (mmol/L)
2.67 (1.05)
Total cholesterol
4.57 (1.11)
(mmol/L)
Auc-PPG (a.u)
0.455 (0.068)
Data are given as mean (SD).
* Gender is given as n(%),
† Age is given as mean(range)

Figure 4 shows the amplitude (a1, a2) and small change in
time (Δt) which represent of one strip used in trapezoid
method. Clearly, as the number of trapezoids increases, the fit
between graph and the trapezoids gets better which leading to
a better area approximation. Through the calculation, auc-PPG
represents the total of blood volume change in each heartbeat.
Mean auc-PPG calculated for all pulse selected for each
subject.

Group 2
48
26(54.2)
53.96 (50-70)
146.26 (20.32)
79.16 (11.91)
1.93 (0.81)

Stats
P=0.489
P=0.344
P=0.108
P=0.028
P=0.001

1.22 (0.35)
3.35 (1.45)
5.50 (1.56)

P=0.598
P=0.002
P<0.001

0.403 (0.067)

P<0.001

B. Effect of Age on Auc-PPG
The research further made an analysis to investigate the
effect of age on auc-PPG. Table 2 presents the analysis of
covariance for auc-PPG as a function of two groups of HbA1c,
using an age group as a covariate. An analysis of covariance
was used to assess whether Group 1 has higher auc-PPG than
Group 2 after controlling the groups’ age factor. The
following assumptions were checked and all assumptions were
met:
Fig. 4. Example of one strip used in trapezoid method.
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1.
2.
3.
4.
5.

error equal or less than 40% after manually comparing the
shape of reference pulse and all pulses in the PPG signal. We
have found a large difference in contour for the larger
percentage as shown in Figure 5.

independence of observations
normal distribution of the dependent variable
homogeneity of variances
linear relationships between the covariates and the
dependent variable
homogeneity of regression slopes.

In the present study, we observed that diabetic patients
with HbA1c<8% (Group 1) had significantly higher auc-PPG
than those with HbA1c>10% (Group 2). Group 1 (M=0.455,
SD=0.068), Group 2 (M=0.403, SD=0.067), p<0.0001),
suggesting that total blood volume change for each heartbeat
decreased with higher level of HbA1c. Hyperglycemia in
diabetes stimulates the formation of advanced glycation end
products (AGEs). AGEs directly block nitric oxide (NO)
activity and produce reactive oxygen species (ROS) in
vascular endothelium [1]. The AGE crosslinks within the
vascular wall further, worsen vascular stiffness and enlarge
artery atherosclerosis [9] due to prolonged exposure to
elevated glucose level [17]. Increased viscosity occurs due to
osmotic changes with fluctuation in the blood sugar and
episode of dehydration. Both impaired release of NO and
viscosity had influenced the blood flow in the microvessels
[1]. This result shows that increased level of HbA1c possibly
affected the arterial stiffness which is the smaller auc-PPG is,
the stiffer the arteries are.

Results from Table 2 indicate that after controlling for the
age group, there is still a significant difference of auc-PPG
between Group 1 and Group 2, F(1,98) = 13.88, p <0.001,
partial eta2 = 0.124. It has a medium to large effect. Table 3
presents the means and standard deviations of auc-PPG for
Group 1 and Group 2, before and after controlling the age
factor. It shows that mean value of auc-PPG with and without
controlling of age group is similar.
TABLE II: ANALYSIS OF COVARIANCE FOR AUC-PPG
Source
Age
HbA1c_ group
Error

df
1
1
98

MS
0.047
0.058
0.004

F
11.32
13.88

p
0.001
<0.001

eta2
0.104
0.124

TABLE III: MEANS AND STANDARD DEVIATIONS OF AUC-PPG FOR GROUP 1
AND GROUP 2
Diabetic patients
Group 1
Group 2

n
53
48

IV.

Unadjusted
M
SD
0.455
0.068
0.403
0.067

To investigate whether auc-PPG is affected by age, we
examined the effects of age group on auc-PPG. As a result,
HbA1c remains as the main factor on determining the aucPPG with partial eta2=0.124, it is medium to large effect. As
is evident from Table 3, the difference of auc-PPG between
Group 1 and Group 2 remains after age group is controlled.
The difference persisted after adjusted for age Group 1
(M=0.453, SE=0.009), Group 2 (M=0.405, SE=0.009),
p<0.0001). This is probably caused by the small range of the
patients’ age which is between 50 years to 70 years.

Adjusted
M
SE
0.453
0.009
0.405
0.009

DISCUSSION

Several previous studies show that diabetes causes the
PPG pulse to become damped [10]. The dicrotic notch is
difficult to measure, in which this increases the uncertainty in
measurements related to the reflected wave. The present study
describes an auc-PPG, which is calculated using trapezoid rule
for each pulse selected without determination of dicrotic
notch.

The above finding is consistent with a previous study
conducted by Chen et al. [9]. They have found that there is a
positive association between arterial stiffness (ba-PWV) and
HbA1c among the diabetic patients. Until present, the
association between the response of PPG-based technique and
level of HbA1c has never been discovered.
V.

CONCLUSIONS

Our results have shown that there is a significant difference
in auc-PPG for the different level of HbA1c. These results have
explained that changes in arterial properties can be noninvasively detected by analyzing pulse shape characteristics.
An auc-PPG promises a potential technique for analyzing
shape with diminish dicrotic notch. Therefore, the uncertainty
of the measurement that is related to the reflected wave can be
reduced. These results have suggested that glycemic control is
important in the prevention of arterial stiffness and vascular
complications among diabetic patients.
Fig. 5. Reference pulse and pulse of PPG signals with 45.33% error
percentage
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rates has been reported in both hemodialysis (HD) and
diabetic patients when compared with an age-matched general
population [1]. Atherosclerotic CVDs are a significant cause
of morbidity and mortality for patients with end-stage renal
disease (ESRD) [2-4]. The major risk factors for
atherosclerosis are serum lipid concentrations, smoking, and
hypertension. Carotid intima-media thickness (CIMT) test is
an established method for the measurement of atherosclerosis.
The common carotid artery in the neck is accessed by an
ultrasound probe, which in turn allows the measurement of the
thickness of the inner two layers the carotid called the intima
and media by high frequency sound waves. CIMT is costly
and operator dependent which raises the desire of having an
assistance tool which can be used to predict the high-risk of
atherosclerosis in an easier, simple, operator independent, and
low cost method. Photoplethysmogram (PPG) is an
optoelectronic method for measuring and recording changes of
blood volume of a body part. PPG signals have been applied
in many different settings including clinical physiological
monitoring, vascular assessment and autonomic function [5].
Atherosclerosis plays an important role in the propagation of
blood stream since it accelerates blood velocity and harms the
elastic properties of arteries.

Abstract— Cardiovascular diseases are the main cause of
death world-wide. Stiffing of the arterial wall is normally related
with the beginning, or the progression, of atherosclerosis.
Atherosclerosis plays an important role in the loss of the elastic
properties of arteries walls. Thereby, atherosclerosis might cause
harmful damage to arteries which in turn might cause
cardiovascular disease and erectile dysfunction. Carotid intimamedia thickness (CIMT) is used to measure atherosclerosis in
parallel with the recording of Photoplethysmogram (PPG) from
samples of erectile dysfunction subjects (68 patients). PPG and
clinical indices were correlated to CIMT. An index extracted
from PPG 2nd derivative (b/a ratio) found to be a good measure
of high-risk of atherosclerosis in parallel with CIMT
measurement. In addition, pulse pressure (PP) which is an
indicator of arterial stiffness, found to be positively correlated to
CIMT. PP, b/a index and subject’s height (H) were used to
predict a high-risk of atherosclerosis by means of a logistic
regression model. The developed model showed a sensitivity of
76.4% and specificity of 64.7% in the prediction of high-risk of
atherosclerosis. In addition, the Nagelkerke R-square was better
in backward logistic regression (.372) compared to forward
logistic regression (.288). Increases in thickness of the intima and
media of the carotid artery, as measured by CIMT, are directly
associated with a decreased of b/a index values and increased of
PP values. Thereby, PPG is recommended to be used as an
assistant technique in the prediction of high-risk of
atherosclerosis.
Keywords—
Arthrosclerosis.

PPG,
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PP,
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stiffness

The second derivative wave had characteristic contours
that facilitated the interpretation of the original PPG [6].
However, a sophisticated approach to contour analysis of the
PPG has been developed by investigators in Japan [6-7].
Imanaga et al (1998) have proposed using the second
derivative of PPG (SDPPG) [8]. This facilitates the distinction
of five sequential waves called a, b, c, d and e waves. The
relative heights of these waves (b/a, c/a, d/a and e/a ratios),
have been related to age, arterial blood pressure, large artery
stiffness and effects of vasoactive drugs. The indices
calculated from the SDPPG waveforms are reported to
correlate closely with both the distensibility of the carotid
artery [8] and the central augmentation index (AIx) [6],
suggesting the SDPPG indices may be a surrogate measure of
arterial stiffness. Several previous studies showed that the
SDPPG indices are associated with age [9-12], blood pressure
(BP) [9, 11-12], the estimated risk of coronary heart disease
[10], and the presence of atherosclerotic disorders [13]. The

and

INTRODUCTION

Coronary heart disease (CHD) or coronary artery disease
(CAD) is generally caused by a condition called
atherosclerosis, which occurs when fatty material and a
substance called plaque builds-up on the walls of our arteries.
Thickening and loss of elasticity of the coronary arteries,
leading to progressive insufficiency of the arteries and they
start narrowing. Understanding about the process of
atherosclerosis would go a long way in serving to develop
methods to prevent and treat such a disease. A marked
increase in the incidence of coronary artery disease and death
This research is funded by the eScience grant (No. 03-01-02-SF0703)
from the Ministry of Science, Technology and Innovation (MOSTI),
Malaysia.
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The subjects were from three different races in Malaysia
(Malay, Chinese and Indian).

dyslipidemia was independently associated with the b/a. Fig.1
illustrates PPG waveform, its 1st and 2nd derivatives, and the
process of points locating.

B. Hardware and Data Acquisition
PPG pulse measurements collected simultaneously from the
right and left index fingers to study and analyze arterial
conditions. After subjects were rested for five minutes, PPG
recordings carried out for duration of 90 seconds. During the
measurements, subjects were quiet, and breathed normally
while resting in a supine position. PPG measurements were
performed in hospital conditions at room temperature (24±1
°C). A special National Instruments with data acquisition
board (NI cDAQ-9172) was used to digitize the signals locally
and transmit the digital data to the personal computer with
sampling rate of 5500 Hz. The recorded signals were analyzed
off-line using customized algorithms developed in MATLAB
(The MathWorks, Inc). These filters did not introduce phase
delays or distortion to the waveforms. Utilizing PPG
derivatives, PPG’s points of interest can be located and
determined [17-19].
Fig. 1. Description of the process of locating points of interest from PPG
waveform & its 1st and 2nd derivatives (recorded PPG and its derivatives)

C. Signal Processing
A customized algorithm written in Matlab is used to
analyze the contour of PPG signal. Contour or morphology
analysis depends mainly on the detection of PPG’s inflection
point (second peak or diastolic peak) since it tends to be less
pronounced in most cases, especially aging and diabetic PPGs.
However, among 12 variables extracted from PPG signal, an
index derived from SDPPG (b/a ratio) is found to be a
promising tool to assist the process of prediction of high-risk
atherosclerosis. The algorithm loads PPG data (txt file), PPG
signals were down-sampled (275 Hz), de-trended for removing
outliers, drifts, offset and any movement artifacts. Next PPG
signals were band-pass filtered (0.6–15 Hz) for removing the
effect of the respiratory rhythm and higher frequency
disturbances. PPG 1st derivative and 2nd derivative were
evaluated. PPG inflection point is determined as the first local
maximum of PPG1st derivative and it can be confirmed by the
2nd positive-to-negative crossing zero of SDPPG. The five
waves of SDPPG were evaluated and the relative heights of
these waves (b/a, c/a, d/a and e/a ratios) are extracted.

Arterial stiffness is an independent risk factor of
cardiovascular disease [14], and pulse pressure, a surrogate
marker of increased arterial stiffness, is a powerful predictor of
cardiovascular (CV) events [15-16]. The aim of our work was
to study the characteristics of PPG that can be used to predict
high-risk atherosclerosis and to explore any relation between
CIMT and PPG indices in these patients. We determined
HRART as an indicator of atherosclerosis
II.

METHODOLOGY

A. Subjects and Protocols
The study is conducted in Urology Clinic in the National
University of Malaysia Medical Centre (PPUKM). PPUKM is
a teaching medical centre with 750 beds. The medical centre
provides health services to most of the population around
Kuala Lumpur as well the State of Selangor. The study was
approved by the PPUKM ethics community review. Each
patient was informed about the details of the study and their
written consent was taken before the recordings were made.
Patients were subject to obeying some inclusion criteria (high
risks (Hypertension, Diabetes mellitus, Dyslipidaemia,
Obesity, Smoking, and Significant family history) and no
cardiovascular disease or risks at all) and to some exclusion
criteria as well (establish cardiovascular disease, liver cirrhosis,
Renal failure, Thyroid disease and Spinal cord injuries and
finger or having Raynauld’s). PPG measurements were
collected from the right and left index fingers of the 68
participants with ages ranging from 30 to 78 years and median
age 56 years (all male). The samples were classified into 2
groups, 34 each (case group who had a CIMT value greater
than 0.7mm and control group who has CIMT value less than
or equal to 0.7 mm). A written consent was taken from each
participant. The data was recorded from a longitudinal study
initially undertaken for the assessment of endothelium
dysfunction in subjects presenting with erectile dysfunction.

D. Statistical Analysis
Descriptive analysis was summarized by means and standard
deviations Pearson correlation test was used to assess the
relationship between CIMT and PPG. Bland-Altman test was
performed to know the degree of agreement between CIMT
and PPG. The value of CIMT greater than (0.7mm) is
considered high-risk of atherosclerosis. A new index derived
from CIMT named as HRART is used to represent the
presence or absence of atherosclerosis. CIMT value ≤ 0.7
represents 0 (No-Risk) and CIMT value > 0.7 represents 1
(High-Risk)).
Predictive equations of high risk of
atherosclerosis were produced by using stepwise multiple
logistic regression analyses. MedCalc software version 11.4.4
is used to obtain receiver operating characteristics (ROC) curve
and area under curve (AUC). P-value with less than 0.05 was
interpreted as statistically significant. All analysis' were carried
out by using PASW Predictive Analytics Software (PASW,

240

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

the risk of atherosclerosis, while other 71.2% are contributed
by others factor that do not tested in this work.

formerly known as SPSS) version 11.5 and MedCalc software
version 11.4.2.0. HRART was taken as dependent variable.
III.

However, backward: LR method gave better results since
Nagelkerke R-square was .372 which means that, b/a index, H,
and PP contribute 37.2% to the risk of atherosclerosis, while
other 62.8% are contributed by other factors that are not tested
in this work.

RESULTS

The baseline characteristics of the study subjects are
shown in Table 1. The mean age was 56.5±9.8 years. The
comparison between b/a index (the relative height of b wave
to a wave) and CIMT data showed a good agreement which
raised the ability of using b/a index as assistance tool for the
prediction of risk of atherosclerosis. CIMT was significantly
correlated with age, b/a, max ejection time (MET), pulse
pressure (PP), and subject’s height (H). The rest of the
variables showed no significance statistically.

HRART was negatively correlated with b/a ratio. This
indicated that, a reduction of b/a value may reflect the
presence of high-risk atherosclerosis. In contrast, PP which is
an indicator or atherosclerosis processes [20], was positively
correlated with HRART which in turn, confirm the association
between hypertension and atherosclerosis. The implemented
model showed a sensitivity of 76.5 and a specificity of 64.7 in
the detection of true-positive and true-negative respectively.
The receiver operating characteristics (ROC) curve for b/a
ratio vs. HRART is shown in Fig. 2. In addition, ROCs for all
factors of the developed model are shown in Fig. 3.

Logistic regression is used to identify the factors that
contributed to the risk of atherosclerosis. All the factors (BMI,
SP, DP, MAP, Age, H, PT, MET, ST, DT, PPT, SI, MEV,
PM, DM, RI, b/a and c/a) are tested one by one using
(ENTER) method. Only (Age, b/a, H, and PP) is significant. In
the Multiple Logistic Regression, all the significant factors are
included. Forward and Backward stepwise procedures were
performed to identify the risk factors and controlling for the
confounding effect. In the forward stepwise procedure, only
b/a and height are significant. The characteristics of forward
method are shown in table 2. In the other side, when
(Backward: LR) logistic regression is used, the model
performed better. The characteristics of backward: LR is
shown in table3.

Mainly, our interest is to use the logistic model to predict
the outcome for a new subject. When we have a new subject,
the developed model can used to predict the probability of
having high-risk atherosclerosis. Let us say that, we have the
inputs of b/a indx, PP and H of an individual subject and the
output is a number between 0 to 1 which denotes the
probability of the subject to having high-risk atherosclerosis.
Therefore, the predictive equation from the developed
statistical model given by with Y (Model’s outcome) = 20.696
– 4.758*b/a + 0.066*PP – 0.123*H. Thereby, the probability
of having high-risk atherosclerosis can be calculated as with
HRART = Exp (Y) / (1+Exp (Y)). This tells us that increasing
b/a value decreases the risk of atherosclerosis. Moreover,
increasing PP increases the chance of being under high-risk
atherosclerosis. Finally, increasing height decreases the risk of
atherosclerosis.

TABLE I: CLINICAL AND DEMOGRAPHIC CHARACTERISTICS OF SUBJECTS
N Mean Std. Deviation
68
56.5
9.8
AGE
68
26
4.2
BMI
68
84
.36
CIMT
68
82
7
DP
68
167
6.4
H
68
101
7.3
MAP
68
56
9
PP
68
138
10.6
SP
68
Valid N (listwise)
The values are expressed as mean±SD. H, subject’s height; BMI, body max
index; CIMT, carotid-intima-media thickness; DP, diastolic pressure; MAP,
main arterial pressure; PP, pulse pressure; SP, systolic pressure.
TABLE II: FORWARD: LR CHARACTERISTICS
Factor-Model B
S.E
-5.465
1.9
b/a ratio
-.117
0.5
H
23.796
8.7
Constant
2
The Nagelkerke R is 0.288

Sig.
.006
.020
.006

Exp (B)
.004
.890
2.1025e+010

Fig. 2. ROC curve of b/a ratio in the prediction of high-risk atherosclerosis
100
80

Factor-Model B
-4.758
b/a ratio
-.123
H
.066
PP
20.696
Constant
The Nagelkerke R2 is 0.372

S.E
2.00
.050
.037
8.90

Sig.
.019
.018
.040
.020

Sensitivity

TABLE III: BACKWARD: LR CHARACTERISTICS
Exp (B)
.009
.884
1.069
9.7310e+008

60

ba
H
PP

40
20
0
0

In the forward: LR method, the Nagelkerke R-square was
.288 which means that, b/a index and H contribute 28.8% to

20

40
60
100-Specificity

80

100

Fig. 3. ROCs of all factors of the developed model in the prediction of highrisk atherosclerosis
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IV.

DISCUSSION

The novelty of this work is the evaluation of the
independent determinants of the SDPPG (b/a ratio) among
subjects with high-risk of atherosclerosis as a factor for CVD
by means of multiple logistic regression analysis. In our study,
we determined the presence of early sub clinical
atherosclerosis in erectile dysfunction patients by measuring
CIMT. CIMT represents a marker of structural atherosclerosis.
We found a significant increase in CIMT compared to age, PP
which is found to be a marker of arterial stiffness. An
important finding in our study was the demonstration of a
negative correlation between atherosclerosis as indicated by
CIMT and b/a ratio. Based on our findings, we suggest the use
of b/a ratio in addition to PP and subject’s height as
determinants of high-risk of atherosclerosis in erectile
dysfunction patients as an alternative method for the
assessment of atherosclerosis. Fig. 4 represents the grouping
of b/a ratio based on HRART index.

[2]

[3]

[4]

[5]

[6]

[7]

ba
1.3
1.2

[8]

1.1
1.0
0.9
<=0.8033
Sens: 76.5
Spec: 64.7

0.8
0.7

[9]

0.6
0.5
0.4
0

[10]

1
HRART

Fig. 4. The interactive dot diagram of b/a index in the prediction of HRART
[11]

The major limitation of the study was the small size of the
sample. The study is conducted to study and investigate the
characteristics of PPG’s indices that might yield better results
in exploring the effects of atherosclerosis on erectile
dysfunction patients. However, our study was the first study
demonstrating a negative correlation between HRART and b/a
ratio and a positive correlation between HRART and PP.
V.

[12]

[13]

CONCLUSIONS

[14]

Atherosclerosis disturbances play an important role in the
loss of elastic properties of arterial system, thereby, affecting
the propagation of blood stream. CIMT used to screen carotid
intima-media arteries in order to provide a window to the
amount of hardening and stiffness of arteries. PPG is a noninvasive technique which reflects blood volume changes in
arteries close to the skin. However, SDPPG is shown to be
useful in explaining and understanding the characteristics of
PPG waveform variations. The index b/a ratio is found to be a
useful in the assessment of the prediction of high-risk of
atherosclerosis in parallel with CIMT. We concluded that,
SDPPG’s b/a ratio is a promising tool that might be used as a
negative determinant of sub-clinical prediction of high-risk of
atherosclerosis.

[15]

[16]

[17]

[18] U. Rubins, J. Grube, I. Kukulis, “Photoplethysmography analysis of
artery properties in patients with cardiovascular diseases”, IFMBE Proc.,
pp. 319-322, 2008.
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“Photoplethysmogram peaks analysis in patients presenting with erectile
dysfunction”, in proceedings of the International Conference on
Electrical Computer Technology (ICECT), pp: 165-168, 2010.
[20] R. Solonevich, E. Cobb, “Relationship between pulse pressure,
arteriosclerosis a visual reversal phenomenon”, Percept. Mot. Skills,
Dec., vol. 41, pp. 939-949, 1975.
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The rest of the paper is structured as follows: In the
following section we present an overview of the interference and pulsation in narrowband wireless systems. In
the subsequent sections we give a detailed description,
including technical aspects of the GSM system and the
others, aiming to demonstrate the application of our
model. In section six we present the simulation results as
the verifications of these results by means of laboratory
measurements. We finally present the conclusions.

Abstract—There is a little clue on how such interference is
taking place, although the cause is related to the application
of time division multiple access (TDMA) technique, which
imposes a pulsed-nature of the signal. In this paper we
characterize the interference due to applied TDMA in
wireless systems, such as the public Digital Mobile Radio
System GSM, together with its derivatives GPRS (General
Packet Radio Services) and EDGE (Enhanced Data Rates for
GSM Evolution), and the pulsation in private mobile radio
communications systems, namely DECT (Digital Enhanced
Cordless Telecommunications system) and TETRA (TErrestrial Trunked RAdio), since all apply TDMA technique.

I. I NTRODUCTION

II. P ULSATION INTERFERENCE IN NARROWBAND

Wireless communication has boomed in recent years
and has acquired an important place in society and rose
many people concerns. This has ignited the debate and
the suspicion over harmful effects of the emissions of
wireless transmission systems. The suspicion, despite
their acknowledged benefits, is growing proportionally
with the time and the release of new wireless products.
However, many opinions and published work stress possible health risks of wireless systems based on reports
of measured effects from radio emissions exposure. The
health relevance of such effects is still unclear. The belief
of the health treat poses by the wireless transmission
is not wiped out, nevertheless, to date, no unequivocal
evidence of harmful effects has been established. The side
effects of concern, on the other hand, is the interference
on medical devices and concerns equipment, such as heart
monitors, respirators, dialysis units and infusion pumps.
It is essential that such equipment continue to function
normally under all circumstances. Failure to do so might
have adverse repercussions for pateints’ health. Although
scientific evidence for health hazards of low level cellular
phone radiation is weak, the World Health Organization
(WHO) has recommended that the precautionary principle
could be voluntarily adopted in this case. It follows
the recommendations of the European Community for
environmental risks. According to the WHO, the Precautionary Principle is a risk management policy applied in
circumstances with a high degree of scientific uncertainty,
reflecting the need to take action for a potentially serious
risk without awaiting the results of scientific research.
Other less stringent recommended approaches are prudent
avoidance principle and ALARA (As Low as Reasonably
Achievable). Although all of these are problematic in
application, due to the widespread use and economical
importance of wireless telecommunication systems in
modern civilization, there is an increased popularity of
such measures in the general public.

WIRELESS TRANSMISSION SYSTEMS

The Man can obviously hear and notice frequently that
noise coming from the car radio if his/her mobile phone
is switched on. Also at home a similar disrupted noise
like clicks can be heard from the TV set whenever there
is a mobile phone nearby. A number of studies have
reported that electromagnetic interference from GSM
and similarly PCS-1900 disrupt the proper operation of
i.e. electronic complaints, heart-pacemakers, and hearing
aids [1] [2] [3], if such equipment is located in the
direct vicinity of these systems. Interestingly, most of the
observed biological effects were related to high power
RF exposure. However, there is a little clue on how
such phenomenon is taking place, although the cause is
related to the application of time division multiple access
(TDMA) technique, which imposes a pulsed-nature of the
signal with a repetition rate in the audible range (i.e.
the repetition rate in GSM, TETRA and DECT is 216
Hz, 100 Hz and 17 Hz respectively). Unfortunately, those
above mentioned systems are TDMA based systems. In
other aspect, different precautions and measures are being
taken, aim to reduce or isolate and protect a vulnerable
victim, i.e. some car manufactures suggest to install the
antenna of the mobile unit outside the vehicle in order to
avoid the blocking or triggering of the air bag or other
important systems, others enforce the prohibition of the
use of GSM and DECT telephones in the direct vicinity of
medical electronic equipments, i.e. the recommendation
that for implanted pacemakers a minimum distance of
15 cm should be maintained to a switched-on mobile
telephone. What the industry and the various regulatory
bodies dispute is that the very weak pulsed microwave
radiation used in GSM and TETRA can non-thermally
affect these various biological (electrical) activities in
ways that can provoke adverse health reactions.
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III. P ULSATION I NTERFERENCE IN GSM AND ITS
D ERIVATIVES

TABLE I
M AIN PARAMETERS OF TETRA, GSM

AND

DECT.

It is worthwhile a brief discussion of the GSM system,
to describe the nature and the cause of the pulsation.
Figure 1 illustrates the network architecture of the GSM
system. The location area in the GSM system is served
by a gateway mobile switching center GMSC. This is
interfaced with the public switched telephone network
PSTN [4]. Each GMSC is provided with a home location
register HLR, which contains the details of all mobile
subscribers belonging to the area related to the GMSC
and a visitor location register VLR which contains details
of all visitor subscribers. The GMSC is connected to
a number of base station controllers BSC via the A
interface. Each BSC controls a number of base station
transceivers BST via the Abis interface. This represents
the stationary part of the GSM system and is linked to
each other via whether a physical connection or line of
site radio link. However, the true mobility and roaming is
provided by the radio interface U m between the BSTs
and mobile stations. Whiles the traffic and signalling

Fig. 2. GSM TDMA frames occupied in slots number 1, 2 and 4.

keying signal which is given by
s(t) = Am(t)cos(2πf t),

(1)

s(t) composed from the carrier and the envelope m(t),
where A and f are the amplitude and frequency of the
carrier at RF (for GSM f = 900 and 1800 MHz) and m(t)
is a rectangular signal in a single user case and given as
(
Y
1 0 ≤ t ≤ Tburst
(t) =
(2)
0 Tburst < t < Tf rame

Fig. 1. GSM network.

data are arranged into frames for scheduling purposes,
before they are mapped or loaded on the physical channels
(time slots). We therefore conclude that the cause of the
pulsation is due to the emission of the RF signal in the
U m interface, as the signals are exchanged between the
mobile and the base stations. Thus we confine ourselves
to this layer for evaluating the pulsation. Since a time
division multiple access scheme (TDMA) is applied, the
RF signal emitted from i.e., a mobile unit has a nature
of pulse transmission. It sends one burst of duration
0.577 ms, within a frame time of 4.616 ms see table I.
Because of the usage of GMSK modulation, the envelope
of the frequency modulated signal (GMSK) during one
slot is constant. It appears as a pure cosine wave or a
single tone. This tone is switched on during a time slot
and turned off during the rest of that frame before it is
switched on again during the next time slot. Fig. 2 shows
a number of TDMA frames of a GSM signal. Slots one,
two and slot number four are occupied in these frames.
In the following we disregard the GMSK modulation
and we simply model the RF-signal within a burst by a
simple single tone cosine wave. However, the process of
switching on and off the transmitter is exactly a process of
amplitude shift keying (ASK) and the RF transmit signal
s(t) unintentionally takes the shape of an amplitude shift

The power of the envelope of the RF signal (unintended
ASK signal) can be very strong (A is high), especially
near both the mobile and basestation. This power can get
detected once an envelope detector accidentally existed.
The detector is simply a squared circuit. This effect can
be loudly and clearly heard in a car radio and TV set at
home as noise. This power is the average power of the
RF signal envelope shown in Fig. 3 which represents the
envelope of the GSM signal shown in Fig. 2. The shape
of the output of an envelope detector, designated as m(t)
is a periodic rectangular with duration Tburst = 0.577
ms, a period Tf rame = 4.616ms and an average power
for a single user case
Pav =

A2
Tburst A2
⇒ Pav =
2Tf rame
16

(3)

This power represents the effective isotropically radiated
power (EIRP), whereby we assumed an isotropic antenna
with gain equal to unity. We used an envelope detector
for lab measurements. If equation (1) is the input to this
244

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

IV.

PULSATION INTERFERENCE IN

DECT

DECT aims to support a range of applications such
as residential and business cordless telephone systems. It
provides a system specification for both voice and non
voice applications. It is a TDMA based system as well.
The frame comprises of 24 slots, with a frame length of
10 ms, the duration of each slot is 416.7µs. The slots
from 0 to 11 are assigned to the uplink, while from 12
to 23 are for downlink. The other system parameters are
shown in table 1.
V.

;
Fig. 3. Detected envelope of GSM signal which is occupied by users
1,2 and 4.

detector, the average output power of the demodulator is
then
Pout =

A2
,
32

PULSATION INTERFERENCE IN

TETRA

TETRA is another private system and is intended to
provide the wireless communications to organizations
that operating in rather large distances. It allows wide
area coverage with a single carrier without resorting to
cellular frequency reuse schemes. Its mobile stations can
access each other directly without the need of the control
stations, this facility is known as direct mode. Again the
system deploys the TDMA technique. It has 4 slots (users)
per frame per carrier and its length is 56.67 ms [5]. The
rest of the system parameters are shown in table 1.

(4)

which represents the interference power. It is a result of
the pulse-nature of the transmission. It is apparent, in
light of the GSM parameters that the interference is in
the audible frequency range, and thus, the pulsation is
the term which describes the power in the low frequency.
1) Pulsation interference due to mobile station: A
detailed study of the up-link and call-setup procedure by
a mobile station, reveals that the first wave of pulsation
starts when the mobile station requests a signalling channel. However, it is always a single slot per frame, and
hence, the period of the envelope Tf rame = 4.616 ms
⇒ f0 = 216 Hz.
2) Pulsation interference due to base station: At the
base station the shape of the envelope is not fixed, but
it depends on the instantaneous number as well as the
position of active users on the frame. We therefore expect
a total of 28 − 1 different shapes, consequently a variety
of frequency contents. Nevertheless, the upper bound of
the repetition rate is 4 × 216 = 864 Hz.

VI.

SIMULATION RESULTS , LABORATORY AND FIELD
MEASUREMENTS AND RESULTS DISCUSSIONS

A Monte-Karlo simulations are conducted for most of
narrowband wireless digital transmission systems, based
on our model of the pulsation. It is particularly grateful
for the insight and it aims to extract information about
the nature and the quantity of the interference due to
pulsation. Besides, we verified the results in Laboratory
and by means of field measurements. We started with
GSM and the analysis of the pulsation in GSM system
can then elaborate the pulsation in DECT and TETRA
systems. However, the structure of the DECT and TETRA
physical layer has minor differences to GSM. The interference power is shown in Fig 4 for a case of a single
user and another case when the users occupy even or odd
numbered slots in the frame. The radiated GSM signal
from a mobile unit is shown in Figure 5 which obtained
from lab measurements for the purpose of verification, the
pulsed-nature of the GSM signal can be readily observed.
Figures 6 and 7 show the measured detected envelope of
the GSM and TETRA single user, which is designated by
m(t). Figure 8 depicts the detected envelope of a number
of GSM frames. Figure 9 shows the measured spectrum
of the envelope displayed in Figure 6 for GSM up-link
transmission.

A. Pulsation interference in GPRS:
The evolving of GSM from second to higher generation
lead to GPRS, which is at the transitions stage to the third
generation. The network architecture of GPRS is therefore
built on top of the existing GSM network infrastructure.
Thus, we simply extend and validate the analysis of the
pulsation in GSM to GPRS. The only difference to GSM
concerning pulsation is the fact, that one user may use
more than one slot within a frame. As a consequence
pulsation depends on the instantaneous number as well
as the position of active slots per frame.

VII. CONCLUSIONS
In summary, our model approximates what happens in
the wireless systems. Nevertheless, it captures the key
parameters, that we want to study. We conclude that
the interference due to pulsation is strongly associated
with the application of time division multiple access
technique. Most important that the pulsation can only be
experienced in presence of a detector model. We hence
conclude from the point of its frequency content, it is
a low frequency phenomenon. This detector model can
exist co-accidentally in several electronic equipments and
complaints in life leading to interference. However, the

B. Pulsation interference in EDGE:
Further enhancements to GSM networks are provided
by EDGE technology. EDGE uses the same TDMA frame
structure, which allows it to be overlaid directly onto an
existing GSM network. For many existing GSM/GPRS
networks, EDGE is a simple software-upgrade.
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Fig. 8. A number of GSM frames obtained by field measurements

Fig. 4. Power spectrum of the pulsation that shows a case of single
user and case of three users occupy slots 1,2 and 4 as shown in figure
3.

Fig. 9. Detected envelope spectrum (GSM frame occupied by single
user).

Fig. 5. GSM signal radiated from a mobile unit.

harm of this phenomenon to human body is only if it is
proved that the reaction of the human body to the RF
signal demonstrates such non-linearity.
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[4] M. K. W. S. M. Redl, An introduction to GSM. Artech House,
1995.
[5] J. Dunlop, D. Girma, and J. Irvine, Digital Mobile Communications
and the TETRA System. Wiley, 2000.

Fig. 6. Detected envelope (GSM frame occupied by one user).

Fig. 7. Detected envelope (TETRA frame occupied by single user).
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Abstract— Localization of unintended passive emissions from

However they require accurate channel estimation to
determine the signal propagation model [6]. To overcome
this requirement, fingerprinting of the area is done first by
using RSS measurements and then estimation of the location
of the object is performed by online matching the current
measurements with the fingerprints [7]. However, the RSS is
affected by reflections, diffraction or scattering. Therefore,
fingerprinting should be performed frequently enough.

radio controlled (RC) devices has a great importance due to
security concerns. This paper analyzes the challenges of locating
such devices in the presence of multipath fading by using angle of
arrival (AoA) method for passive devices. Phased array
processing, smooth multiple signal classification (Smooth
MUSIC) algorithms are the methods used to determine the AoA
to locate the RC device. Though AoA techniques have been in
existence for localization of active devices, such methods are not
applied to locating passive devices. Two eight element uniform
linear antenna array (ULA) receivers are placed along x and y
directions and triangulation is utilized on the AoA information to
determine the location. Indoor and outdoor experiment results
for AoA by using two schemes and their localization of the RC
device are presented. Results indicate that, smooth MUSIC
algorithm outperforms the phased array processing method in
terms of location accuracy of root mean square position error
less than 12 ft provided the signal to noise ratio is equal or higher
than 10 dB.

Keywords—Localization, angle of arrival (AoA), array signal
processing, multiple signal classification, spatial smoothing,
uniform linear array (ULA).

I.

INTRODUCTION

Fig. 1.

R

ADIO controlled (RC) devices generally have either a
super-heterodyne or super-regenerative receivers
which are sensitive to RF stimulation [1],[2]. A weak,
stimulating signal changes state of the device and
causes unintended emissions which in turn is used to detect
and locate the RC device [2]-[4]. Fig. 1 depicts the process of
locating an unknown device by using a stimulated signal. To
locate a device emitting unintended radiation, a different
localization technique is introduced in [5] out of the various
schemes available in the literature [6]-[11]. A time of arrival
method using radarlike techniques developed in [5] for range
estimation using high bandwidth stimulated emissions
however precise synchronization is needed between
transmitter receiver pair.
Received signal strength (RSS) based localization
techniques are preferred due to their ease of implementation of
using the received power information.

Schematic view of detection and localization process from
unintended emissions.

Time of arrival (ToA) and time difference of arrival
(TDoA) methods require precise synchronization between a
transmitter and receiver pair which is not possible. Also, a
time-stamp needs to be added on the transmitting signal to
measure the distance that the signal has traveled. The ToA
can be calculated with different techniques such as direct
sequence spread-spectrum (DSSS) [8],[9] or with ultra-wide
band measurements [10].
AOA is defined as the angle between the propagation
direction of an incident wave and a reference direction of
antenna array. In array signal processing, phase difference
information between the antennas is used to decide the
arriving angle of the RF signal and does not require additional
information from the transmitter [11]. The accuracy of
localization depends on the distance between transmitter and
receiver. Inaccuracy in AoA results higher localization error if
the device is placed further from the receivers.
In phased array processing method [12], the angle which
gives the maximum power is defined as the AoA. Resolution
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α  [1 ,  2  M ]T ,  m is the received amplitude from each
source,
n
is
the
additive
noise
and
S  [s(1 )s(2 ) s(M )] , s( m ) is the steering vector
corresponding to the mth source which is given by

of AoA estimation increases with antenna number in the array.
For this reason high resolution and widely used techniques
such as MUSIC [13] and ESPRIT [14] are developed. They
apply eigenvalue decomposition (EVD) to received signal
covariance matrix and use the orthogonality property of noise
and signal subspaces. However, the computational intensity of
these methods lead techniques such as Matrix Pencil algorithm
which does not require the estimation of covariance matrix
[15] and methods that does not require EVD[16].
Conventional EVD methods such as MUSIC degrade
performance when the sources are correlated since signals are
required to be uncorrelated or lowly correlated. The rank of
signal covariance matrix is dropped with correlation among
the sources which prevent the usage of EVD. In order to
decorrelate the coherent or correlated signals, techniques have
been proposed and in them spatial smoothing method is
especially noteworthy [17],[18]. A “smoothing” process is
applied to signal covariance matrix in order to make it full
rank before using the MUSIC algorithm. In smoothing
procedure, the antenna array is divided into overlapping
subarrays with the number of elements which is higher than
the number of signals to be determined. An optimum number
of elements in each subarray is derived in [19]. After that,
covariance matrices from each subarray are averaged to build
up the smoothed covariance matrix.
The research in this area mostly considers theoretic aspects
and computer simulations or experiments are performed in a
shielded and controlled medium [20]-[22].
Moreover,
majority of the effort with RSS is targeted to locating active
devices and no effort is available in locating passive devices
by using RSS measurements. Thus the main contribution of
proposed work include: (1) application and performance
analysis of AoA methods for passive devices, (2) and location
estimation of a passive, unintededly emitting device.
The rest of this paper is organized as follows. Section II
outlines the methodology of the techniques that utilized in the
experiment. Measurements and experiment details are given in
Section III. Section IV first indicate real time data
measurement results of angle of arrival methods and compare
them with computer simulation results then reveal the
localization information corresponding to the measurements.
Finally, Section V concludes the paper with summary remarks
and future directions.
II.

s(m )  [e jkd 0cosm e jkd1cosm

(2)

where N is the number of antennas in the array and θ m is the
arriving angle of mth far field source which is equal for each
antenna. k  2 /  ,λ is the wavelength of the received signal
and (n, )  kd (n  1)cosm is the phase difference between
the reference and nth antenna. Entire angular directions are
scanned and the spectrum in (3) is plotted.

Pcorr ( )  s H ( )x .

(3)

Peaks of this spectrum are the estimated angle of arrivals.
Accuracy of this method depends on the power of received
signals, therefore signals with high signal to noise ratio (SNR)
will give better resolution.
B. MUSIC Algorithm
MUSIC is firstly presented by Schmidt [13] and become the
most popular method for estimating the AoA during the recent
years. It depends on the covariance matrix as many adaptive
techniques. The main procedure of the method is separating
noise and signal subspaces. This separation is provided with
attaining the covariance matrix of the received signal which
can be written as below
R  E[xx H ]

 E[Sαα H SH ]  E[nn H ]

(4)

=SAS   I
=R s   2 I
where
H

2

 E[| 1 |2 ]
0

R s  SAS , and A   0
E[|  2 |2 ]
 0
0





E[|  M |2 ]
with Rs being signal covariance matrix with rank M,
therefore R has N-M zero eigenvectors corresponding to zero
eigenvalues from the noise subspace if the noise is assumed
zero mean. The mean is not zero in real applications, therefore
the smallest M-N eigenvalues are considered as noise
eigenvalues. If qm is a such eigenvector
(5)
R s qm  SAS H qm  0
H

APPROACH

A. Phased array processing method

0

0

(6)
S H qm  0 .
Considering A matrix is positive definite, the last equation
is a valid operation and it implies that N-M eigenvectors ( q m )
of R , corresponding to noise eigenvalues are orthogonal to all
M steering vectors. The MUSIC finds the pseudo-spectrum of
1
PMUSIC ( )  N  M
.
(7)
2
H
s
(

)
q

m

This method uses correlation to find the angle which gives
the maximum power [23],[24]. It is known by the CauchySchwarz inequality, as a function of θ, s H ( )s(m ) has a
maximum at    m . If M sources exist in the medium,
received signal can be written as
M

x   m s( m )  n  Sα + n .

e jkd ( N 1) cosm ]

(1)

m 1

m 1

248

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

Owing to the fact that the noise and signal subspace are
assumed to be independent, the angles which make the
denominator of the equation minimal, that are peak points of
this spectrum, are considered as AoAs from M different
sources. However if the sources are correlated, the rank of R s
drops and the covariance matrix becomes singular, hence
PMUSIC cannot separate these correlated sources. Consequently
a prior smoothing procedure is applied to the covariance
matrix. Spatial smoothing algorithm is mentioned next.

noise amplifiers (LNA) to amplify the weak signal and also to
mitigate the effect of noise then connected to 4-channel
Agilent MSO6104A and Agilent MSO7104B oscilloscopes
for data acquisition. 80000 data points are collected for each
snapshot and at least 10 snapshots are taken in every position
of walkie talkie.

C. Smooth MUSIC
Smooth MUSIC relaxes the MUSIC assumption that all
incoming signals are uncorrelated. In a flat fading
environment multipath components from different directions
may occur and these would be highly correlated with each
other. These correlated components reduce the rank of signal
covariance matrix and makes it singular. In spatial smoothing
MUSIC algorithm, N element antenna array is subdivided into
L overlapping subarrays each containing P antenna element.
With this method, the covariance matrix of the signal from
each subarray becomes full rank [17] and it gives the
opportunity of separating different correlated sources [25].
Auto covariance matrices of the received signal from
L  N  P  1 subarray accomplish new PxP covariance
matrices. Then the overall smoothed correlation matrix
becomes

RL 

1 L 1
 Rl .
L l 0

Fig. 2.

Experimental setup of localization process of passive device

Eight-element antenna arrays are placed at predefined
locations along x and y directions. After detecting the AoA
from the source, basic geometry rules are applied to find the
Cartesian coordinates of the source with respect to the origin
by the help of known antenna position information.

(8)

This new covariance matrix is used in MUSIC pseudospectrum to find maximum of at most P-1 correlated signals.
As described in [19][19], determining P and L has a
significant effect on the performance. Since, if the subarray
dimension is large and number of subarrays is small (P is large
and L is small), a high resolution can be achieved however the
decorrelation may be insufficient. On the other hand, if the
number of subarrays is large and the subarray dimension is
small (L is large and P is small) a good decorrelation can be
satisfied despite the resolution may be unsatisfactory due to
the small size of antenna array.
III.

EXPERIMENTAL SETUP AND MEASUREMENTS

Fig. 3.

For the experiment, channel 8 (FRS) of a walkie-talkie is
engaged. A continuous RF stimulating signal at -40 dB with a
frequency of 467.5625 MHz is generated with Agilent MXGN5182A signal generator. The walkie-talkie is placed on the
ground, left in standby where it goes to power saver mode and
cycles on-off. The weak stimulating signal is employed to
keep walkie-talkie on [1].
Measurement hardware setup for this experiment is shown
in Fig 2. It consists of two 8-element uniform antenna array
which built with broadband, omnidirectional (UHF BW 350450MHz, (Pharad lightweight wearable)) antennas. Distance
between each antenna is kept as d   / 2 to prevent mutual
coupling between the antennas where λ is the wavelength of
the received signal. Antenna units are connected to 40 dB low

Localization diagram of a source with known antenna positions

Localization procedure is represented in Fig. 3 where A and
B are the arriving angles, between 0o to180o, to the arrays in x
and y directions, a is the distance between the antennas and the
reference point. Cartesian coordinates of the source can be
determined by applying the formulas below

x
a y
1
1   a tan( A) 
 x   tan( A)
 
 
 .
 tan( B)   a tan( B) 
 y   1
tan( A) 
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IV.

RESULTS AND DISCUSSION

overlapping subarrays. MUSIC and other eigenvalue
decomposition methods require number of signals impinging
the antenna array. However number of signals present in the
environment is generally unknown. Number of signals is
estimated using noise information of the medium in the
literature [26]. Covariance matrix of received signal is
decomposed into eigenvalues and eigenvectors. Eigenvalues
above a threshold level (noise floor) are considered as signal
eigenvalues. On the other hand, emitted signal in this
experiment is relatively weak and this may result incorrect
number of multipath estimation therefore degrade the
performance of smooth MUSIC algorithm. Another method
for estimating number of sources is minimum description
length (MDL) [27] which is mostly used in radar systems
where approximate arrival angle of the signals are known in
advance.

The experiment is conducted to determine the AoA and the
location of the emitting device with the measurement setup as
discussed in Section III. To demonstrate the performance of
phased array processing and smooth MUSIC methods for
realistic scenarios, experimental results are provided in this
section for indoor and outdoor environments.
A.

Results for phased array processing

Arrival angle estimation is performed with correlating
received signal and steering vector corresponding to the
antenna array for entire angular spectrum while the angle
gives maximum power is set as AOA. A Walkie talkie is
placed 60o in indoor and 75o in outdoor environment.
Stimulated emissions from device are measured with antenna
array. Relation between signal power and angle of arrival is
shown in Fig. 4. Reflections from the obstacles in the
environment introduced multiple peaks. Further, due to the
weak nature of unintended emissions, peaks are close to noise
floor. Therefore, these reasons make the detection of angle of
arrival more challenging.
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Amplitude versus angle, for phased array processing, device
placed at 60o for indoor and 63o in outdoor environment.
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Detecting AoA using 7 antennas in each subarray and different
number of multipath, device placed at 116o.

Determining the number of multipath and deciding the
number of elements in each subarray has effect on accuracy of
AoA estimation. Number of multipath determines signal and
noise subspaces, estimating it correctly provides precise
arrival angles. Effect of correctly estimating the number of
multipath is shown in Fig.6. Antenna number in each subarray
is 7 and walkie talkie is placed at 116o. Number of multipath
is first assumed to be 4 and AoA is determined as
116o.However, when the number of multipath is assumed to
be 5, AoA is estimated as 108o. There is 5o error between two
assumptions and this 5o deviation in AoA may cause serious
error in localization if the device is very far away from the
receivers.
As the number of subarrays increase, correlation between the
signals is reduced more. On the other hand, this increment
reduces the number of detectable signals. Fig.7 compares how
the accuracy is upgraded if the number of subarray is
increased. Emitting device is placed at 63o. AoA is calculated
as 65o when there are 3 antennas in each subarray (totally 6
subarrays) and determined as 75o if there are 4 antennas in
subarray (5 subarrays). Correlation between the signals is
eliminated more efficiently when there are 6 subarrays.
However, decreasing antenna count in each subarray reduces
the number of sources that can be detected.

-80
-85
0

20

o

Amplitude versus angle, device placed at 63 with computer
simulation for phased array processing.

B. Results for Smooth MUSIC algorithm
Smooth MUSIC algorithm is preferred due to existence of
multiple paths from reflectors in the environment. These
coherent components have been distinguished with spatial
smoothing method by arranging the array detector into
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30

obstacles in the environment. Reflections from walls, desks
and other components degrade the accuracy of localization.

4 antennas
3 antennas

Spatial Spectrum
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0

Fig. 7.
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Detecting AoA using 3 antennas in each subarray and number of
multipath assumed as 2, device placed at 63o

Computer simulation of AoA using spatial smoothing
MUSIC algorithm is shown in Fig.8. Line of sight (LOS)
signal is impinging the antenna array with an angle of 63o and
its reflected component is coming toward 75o. In computer
simulation noise is highly uncorrelated from the signal and
that makes the peaks of pseudo-spectrum much higher than
peaks in real time data. It is obvious from the plots that the
real time measurements degrade the performance compared to
the computer simulations.

Fig. 9.

Measured localization results of one unintendedly emitting walkietalkie for indoor environment with phased array processing

Fig. 10.

Measured localization results of one unintendedly emitting walkietalkie for indoor environment with phased array processing
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Fig. 8.

Computer simulation of smooth MUSIC algorithm. Direct signal is
at 63o and reflected signal is at 75o.

Antennas are placed at points of (12,0) and (0,12) along x
and y directions for outdoor measurements. Error in
localization increases with distance as represented in Fig.10. It
is less than 2 ft. when the device is close to the receivers and
goes up to 12 ft. if device is placed further.

C. Results for localization
Localization results for indoor and outdoor environment
utilizing the AoA information from phased array processing
and smooth MUSIC techniques are provided in this section.
Performance of localization using phased array processing
method is given for indoor and outdoor environment in Figs. 9
and 10. For indoor measurements, center of the antenna array
is placed at (6,0) and (0,6) positions along x and y directions
where each point represents 1 ft. A 20x20 ft.2 area is
investigated for the localization.
Mean square localization error in indoor environment is
depicted in Fig. 9. As can be seen from the figure, localization
error is less than 1ft. in a few particular locations and goes up
to 4 ft. The localization error does not appear to have a
systematic distribution with distance due to the presence of

Effectiveness of localization using smooth MUSIC
algorithm for indoor and outdoor is illustrated in Fig.11 and
Fig.12. Since this method requires the number of signals
impinging the receiver array, a profiling map is generated
before measurements. In order to do the profiling,
measurements are taken for reference points. Number of
multipath that gives the best result for AoA is determined by
off-line processing. While performing the experiment, number
of multipath for AoA estimation is decided according to the
profiling data.
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Fig. 11.

Table 1.

Performance table of phased array processing method in indoor

Table 2.

Performance table of smooth MUSIC algorithm in outdoor

Measured localization results of one unintendedly emitting walkietalkie for indoor environment with smooth MUSIC algorithm

Based on the profiling data, localization errors are
demonstrated in Fig. 11 for indoor medium. Maximum error
for these measurements was 3.5 ft. Furthermore, localization
range is increased compared with the phased array processing.
Fig.12 shows that error in localization increases with farther
distance compared to the closer distance to the receiver with
the same error in AoA information in outdoor medium.

Furthermore, in Fig.13 floor plan of Engineering Research
Lab, 114 in Missouri University of Science and Technology
campus is demonstrated for performance comparison of
algorithms used in the experiment. Smooth MUSIC algorithm
increases the range of localization compared to phased array
processing. Room contains many obstacles around and
localization range goes up to 20 ft. with smooth MUSIC,
where it is 16 ft. if phased array processing method is used,

Fig. 12.

Measured localization results of one passively emitting walkietalkie for outdoor environment with smooth MUSIC algorithm

Localization range is enlarged for outdoor with smooth
MUSIC algorithm as well which is illustrated in Fig. 11 and
Fig. 12. RMS error is decreased hence smooth MUSIC
algorithm serves a better performance in indoor and outdoor.
Tables below are demonstrated for better understanding the
localization process for indoor and outdoor. Actual and
measured angles and positions are given.
Tables provide real coordinates with respect to a reference
origin point and angles of arrival in both directions. Angle A
represents the arrival angle in x direction and Angle B gives
arrival angle in y direction. This information is used to
calculate the measured Cartesian coordinates of walkie talkie
as explained in Section III. Location error for x and y
directions are also provided in tables.

Fig. 13.
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As can be seen from the picture, the localization range
grows toward x axis where there are less obstacles compared
to y axis. Fig.14 illustrates the field in front of McNutt Hall in
Missouri University of Science and Technology campus to
show the enlargement of localization range with smooth
MUSIC algorithm. A 60x60 ft2 area is investigated for the
measurements. Localization range goes up to 30 ft. with
smooth MUSIC algorithm though, 25 ft. acceptable range is
reached with phased array processing.
More efficient results are achieved for localization range in
outdoor when compared to an indoor environment by using
both phased array processing and smooth MUSIC algorithm
due to the dense multipath components in indoor medium.

future study, mitigating the effects of multipath on localization
will be investigated. Furthermore experiments for locating
similar or different kind of multiple emitting devices will be
provided.
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Abstract—Cardiac abnormalities are one of the main problems
present in newborns. They can cause fetal death. If they are
detected in time, it is possible to cure or to take all necessary
precautions during childbirth. Our work proposes a method for
detecting cardiac arrhythmias in the fetus by using digital filters
and discrete wavelet transforms. On the basis of signals from the
database DaIS, our method detects the wave of fetal QRS, in the
first level of DWT decomposition and computes the fetal heart
rate FHR. A comparison between the FHRr, derived of the
reference signal FECG and our results, shows the performance of
the proposed method.

I. INTRODUCTION
At present, the recording of non-invasive of fetal
electrocardiogram (FECG) and variability analysis of fetal heart
rate, seems to be the most promising approach to detect fetal
hypoxia and can provide an effective means to monitor the
functioning of the fetal heart and can be used for early detection
of cardiac abnormalities.
The main problem is to obtain a good quality of
information extracted from the mixture maternal and fetal ECG,
and compared with reference signals derived from a set of
sensors placed on the belly of the pregnant woman.
The fetal ECG signal, is highly distorted by maternal
component which dominates the energy, however, the recorded
signals have a very low signal / noise ratio so it is impossible to
use them directly. The goal of our research is to provide new
solutions to this problem. Various research efforts have been
devoted in FECG extraction. The wavelet transform (WT) has
been proposed for fetal ECGs processing. Furthermore,
wavelet-based multiresolution analysis has been proposed for
noise removal [1]. Different techniques for noise removal
or/and detection of fetal waveforms have been used. More
specifically, a biorthogonal quadratic spline wavelet was
considered and the detection of the singularities were obtained
using the modulus maxima [2]. The most recent ones include
algorithms based on singular value decomposition [3,4], auto
and cross-correlation techniques [5], adaptive filtering [6,7],
orthogonal basis functions [8], fractals [9], FIR neural networks
[10], IIR adaptive filtering combined with genetic algorithms
[11,12], fuzzy logic [13], frequency tracking [14] and real-time
signal processing [15]. In addition, independent component
analysis for blind source separation has also been applied
[16,17]. Most methods are based on the extraction of FECG
signal fetal, in order to determine the FHR. Our work is
interested in filtering the wave of QRS signal FECG, from the
signal mixture (FECG + MECG).
The basic idea in our study, is to compute the heart rate of
the fetus by using the digital filters (RII and RIF) and discrete
wavelet transform (DWT). This method can provide an
effective means to control the operation of the fetal heart and
can be used to detect early cardiac abnormalities.

II. DATABASES
ECGs are selected from records of the database Daisy
(Database for the Identification of Systems) [18]. This base was
established by researchers to be used as a reference in this field.
Each record has been annotated independently, and contains
visible artifacts and various forms of QRS. Each ECG has a
duration of 10 seconds, sampled at a frequency fe = 250 Hz.
For each record, we have three types of signals: one
representing the maternal ECG (MECG), the second (YECG)
collected in mother's abdomen, is the mixture of the FECG
MECG fetal and the third signal, is the fetal signal FECG, it
will used as a reference to validate our results.
III. METHODS
Our idea is based on the following methodology:
- From reference signals (MECG and FECG), we determine the
heart rates of the
fetus and the mother
- we filter the mixed of QRS (the fetus and the mother) from
YECG.
- we decompose the filtered YECG by DWT into coefficients
of approximations and
details.
- we extract the fetal heart rate which is in detail coefficients
to identify.
A. Discrete Wavelet Transform (DWT)
ECG signals that we used are non-stationary, so we have
selected for their processing, the discrete wavelet transform.
This implementation is chosen, because it uses filter banks. Our
idea is to determine the level of DWT decomposition, which
contains the frequency band of the fetal QRS. The FHR is
determined, with used a series of IIR filters.
The wavelet transform is very appreciated in the processing
of non-stationary signals. Its discrete version DWT is very
interesting because it highlights the frequency bands of ECG
signal.
The wavelet transform replaces the Fourier transform
sinusoid by a family of translated and dilated versions of a
same function. This function, called mother wavelet, Ψ is an
oscillating finite dimension windowing function [19].
Translated and dilated version of Ψ,
(also called
daughter wavelet) is given by:
-

(1)

where τ and s stand for time-translation and dilatation scale
respectively. Decomposing a function into wavelets is to write
it as a weighted sum of these daughter wavelets obtained from a
chosen mother wavelet function . In practice, discrete values
for translations and scales are used so that the wavelet functions
can be assimilated to band pass filters defining the details of the
analyzed signal. These wavelets are dyadic; i.e., the discrete
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values of s and τ s are such as s=s0m and τ=n s0-m τ0 with s0=2
and τ0=1. The discrete wavelet expression is then given by:

2.5

2

1.5

ECG(mv)

(2)

1

0.5

Or even:

0

-0.5

(3)

-1
0

The implementation of the orthogonal wavelet transform
DWT is done by applying a fast algorithm based on filter
banks.
For this purpose, two FIR filters (Finite Impulse Response) g
and h are regarded. They break the signal into a coarse
approximation (low frequency part) and detail information
(high frequency part). So they have low pass and high pass
characteristics respectively. To keep the same number of
samples in input and output, the convolution products resulting
from the filters are sub sampled by a factor of two. Only the
output of low pass filter, in other words the approximation, is
another time processed by these two filters and so on.
1) The Wavelet Choice : In any application that uses the
wavelet treatment, we are faced with the problem of choosing
the optimal wavelet. In the case of the ECG, this choice must
take into account conflicting constraints: reconstitution error
and decomposition level.
In fact, a high value of reconstruction error, disadvantage
the wavelet taken, while a low value of it, minimizes and also
avoids to relocating information. These considerations led us to
submit YECG signal to a wide variety of wavelet to provide an
overview of their error estimate depending on the level of
decomposition and deduce some wavelets particularly well
suited our signal YECG.
after decomposition of DWT, to 8 levels , the quality of
reconstruction (or the choice of the wavelet) for each level is
evaluated by the mean square error (MSE). This error is defined
by:
(4)
Where:
: original signal
: reconstitued signal
: sampled number
B. QRS Detection
During a Holter recording, it is common to observe a
significant variation the isoelectric line (baseline), changes
mainly due to patient movement, it is the plot that would be
observed on an ECG when the heart had no electrical activity
figure 1. The objective of automatic processing of such a signal,
it is to pinpoint the "zero". The methods most often used to
estimate changes of the baseline are developed from low-pass
filters [20].

Fig.1.
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The detection of QRS complexes is an important step in any
analysis of the ECG signal. The algorithm consists to use;
 Bandpass filtering: the R waves have a maximum energy
in the band 5-15 Hz.
 Derivation: The QRS complex is short (between 0.02
and 0.2 seconds) and high amplitude. the derived from
the signal at this level , present the maximum values.
we therefore continue the signal processing by applying
a digital shunt filter .
 To accentuate the contrast shown by the derivation, the
square is raised the resulting signal, thereby also
eliminating the sign and ensure the detection of
symmetry between R waves and Q waves.
 The integration of signal, tracking by low pass filter
achieves a unique maximum for each complex
 Following the previous treatment, the available signal is
an absolute maximum for each QRS complex, it also has
other local maxima of lower amplitude in general, which
correspond either to noise or waves T . At this step we
search the maxima without take account the maximums
too low.
C. FHR detection
After detection of QRS complex, we need to make a
threshold in time and amplitude, in order to determine the R
pikes. The computing the RR segment allows us to achieve an
average over all segments RR calculated on a total of 21 cycles.
IV. Results and Discussion
The first phase of our work requires the choice of lifted
wavelet the best suited to our YECG signal. We studied the
influence of wavelet analysis of the cardiac signal (YECG)
reconstituted after a decomposition of order 8 by the
application of DWT. The quality of reconstruction (or the
choice of the wavelet) for each level is evaluated by the mean
square error (MSE) of the equation (1).
We designed an algorithm that applies the DWT to YECG
signal using wavelet Bi-orthogonal from Matlab , satisfying
condition of reconstitution.
The steps are as follows:
 Develop a matrix of biorthogonal wavelets.
 Select 8 levels of decomposition.
 Calculate the MSE for each level corresponding to the
chosen wavelet and store the result in a matrix (wavelet,
level, error).
The wavelet best suited to our Record YECG is the bior2.4,
since it has a minimum error across all eight levels.
As we mentioned earlier, for each record, we have three
types of signals: one representing the maternal ECG (MECG),
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the second (YECG) collected in mother's abdomen, is the
mixture of the FECG MECG fetal and the third signal, is the
fetal signal FECG, it will used as a reference to validate our
results.
The method that we have set for the extraction of the fetal heart
rate is as follows:
1. Determination of reference heart rate , of the
signal of mother and fetus MFHRr FHRr by
applying the algorithm of PAN and Tompkins
2. Digital filtering of QRS complexes (mother +
fetus) from the mixed signal YECG, we obtain the
signal YQRS.
3. Decomposition by DWT, the filtered YQRS signal
in four levels of detail.
4. Extraction of the fetal heart HFR, by Pan and
Tompkins, algorithm.
5. Identification of the level containing the
decomposition by comparing the FHR and FHRr.
The R peak detection R, requires a band-pass filtering of the
QRS complexe between 5 and 15Hz. For this, we used a
combination of two digital filters: low pass and high pass with
frequencies of cutoff of 15Hz and 4Hz. In our case we applied
two Butterworth filters of order 4.
We continue the processing with a derivator filter which
detects abrupt changes in slope of the signal and therefore the
QRS complexes.
We squared signals obtained after derivation, to remove the
sign and ensure symmetry of the detection, between the R
waves.
The signal integration by means of an integrating filter of
order 10, provides a unique maximum for each complex. The
size of the integration window should be adapted to the average
width of a QRS complex is 0.2 s.
To remove residual noise of the high frequency, the signal
obtained is filtered by a low pass Butterworth filter of order 1
and the cutoff frequency 5 Hz.
The R peak detection , is performed by an adaptive
thresholding of the filtered signal .
The result of these phases is illustrated in Figure 2.

M(batt/mn) =
TABLE II.

= 78beat /mn
FETUS RR SEGMENTS FROM REFERENCED SIGNAL FECG

RR(i)

RR1

RR2

RR3

RR4

RR5

RR6

RR7

Temps(s)

0.360

0.912

0.448

0.456

0.448

0.448

0.452

RR(i)

RR8

RR9

RR10

RR11

RR12

RR13

RR14

Temps(s)

0.444

0.448

0.444

0.444

0.448

0.444

0.444

RR(i)

RR15

RR16

RR17

RR18

RR19

RR20

Temps(s)

0.448

0.444

0.444

0.448

0.448

0.448

RRmoy =
F (beat/mn) =

= 0.4486 s.

FHRr = 2.2293 Hz.

= 132 beat/mn.

The results of table 2, show that the fetal heart beats stronger
than the mother, and her heart rate is almost double the mother
frequency. The found frequency is less than 160 beats / min,
which ensures that the fetal heart is healthy.
After having determined the FHRr that will allow us to
validate our method of detecting heart rate, we start the
procedure we propose in this paper. We begin with a band-pass
filtering [5-15] Hz signal YECG presented in figure 3, to keep
only the information for two QRS of mother and fetus.

Fig.3.
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Fig.4.
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R peak detection

We realized an average over all segments RR calculated on a
total of 12 cycles, Table 1 shows the results.
TABLE I.

MOTHER RR SEGMENTS FROM REFERENCED SIGNAL MECG

RR(i)

RR1

RR2

RR3

RR4

RR5

RR6

Temps(s)

0.732

0.7

0.676

0.684

0.716

0.732

RR(i)

RR7

RR8

RR9

RR10

RR11

RR12

Temps(s)

0.736

0.78

0.792

0.776

0.744

0.752

RRmoy 

1 12
 RRi  0.7350s
12 i 1

FHM = 1.3605 Hz.

After the decomposition of YQRS signal, like it shows in
figure 4, in wavelet coefficients , our idea is to seek the detail
that includes the band frequency where the fetal QRS, be
found, to computing the heart rate FHR. For this we proceeded
as follows:
• Decomposition of the signal into four levels of detail.
• Reconstruction of the coefficients for each level of detail.
• Application for each reconstructed signal, the steps (2-5)
Pan and Tompkins
algorithm.
• Find the detail containing fetal heart rate
The choice of the bior2.4 wavelet for the decomposition of
the YQRS signal gives the detail coefficients illustrated in the
figure 5.
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Heart rate taken from the first level of detail is very close to
the reference heart rate of the fetus, FHRr .
We conducted a series of filtering and the thresholding over
the reconstructed signal from the detail coefficient of the
second level. On this level we have found the heart rate of the
mother, as shown in Table 4.

coeff détail du 1er niveau
0.5
0
-0.5
-1
200

400

600
coeff détail du 2eme niveau

800

1000

1200

100

200

300
coeff détail du 3eme niveau

400

500

600

4
2
0
-2
-4

TABLE IV.

20
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Reconstitution of detail coefficients of YQRS.

We performed all the steps mentioned, on the reconstructed
signals from the coefficient of detail as it illustred in figure 6 .
The FHR was detected at the first level of coefficient of detail.
The extraction of RR segments allowed us to calculate the
heart rate contained in the signal reconstructed from the detail
coefficient of the first level.
We performed an average over all segments RR calculated
on a total of 21 cycles, the table 3 shows the results.
TABLE III.

RR SEGMENTS FROM RECONSTRUCTED SIGNAL OF DETAIL
COEFFICIENT OF FIRST LEVEL

RR(i)

RR1

RR2

RR3

RR4

RR5

RR6

0.216

0.476

0.448

0.308

0.612

0.44

RR(i)

RR8

RR9

RR10

RR11

RR12

RR13

RR14

Temps(s)

0.616

0.388

0.428

0.492

0.252

0.672

0.404

RR(i)

RR15

RR16

RR17

RR18

RR19

RR20

RR21

Temps(s)

0.464

0.396

0.4160

0.512

0.224

0.688

0.428

0.312

RR9
0.776

= 0.7323 s.

RR5
0.704

RR10
0.792

RR11
0.748

RR6
0.736
RR12
0.724

Fc = 1.363 Hz.

= 78 batt/mn

By applying the same procedure on a database of 100
different records, we could detect the FHR at the first level of
detail of the DWT. At the second level , we detect the MHR.

We started by digital filtering of QRS complexes (mother +
fetus) from the YECG signal , we obtained the signal YQRS.
After, we decomposed by DWT, the filtered YQRS signal in
four levels of detail. By using series of digital filters and the
thresholding we Extracted of the fetal heart HFR.
Extraction of heart rate (FHRr and MHRr) from reference
signals allowed us to validate our results.
From a statistical study of 100 records, we could detect the
FHR, from the reconstruction of the details coefficients of the
first level of decomposition of YQRS signal by the DWT.
The advantage of our method is that it does not require the
extraction of fetal signal FECG , but only the extraction of fetal
QRS of signal YECG.
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1

New Tighter Exponential Upper Bounds for First
Order Marcum Q-Function
Orhan Gazi

Abstract— In this article we provide some new exponential
upper bounds for Marcum Q-function of first order Q1 (α, β).
The bounds obtained for Q1 (α, β) are derived using a geometrical
approach. The proposed approach is particularly effective for
performance expressions including integral expressions which
contain monotonic integrand functions. Graphical results are
provided using numerical computations for the proposed bounds.
Application of proposed expressions are performed for communication systems.

where k(θ) is a nonzero function and for β > α ≥ 0 it is
given as
β2
1 + ζsin(θ)
×
exp(−
(1 + 2ζsin(θ) + ζ 2 )).
1 + 2ζsin(θ) + ζ 2
2
(2)

k(θ) =

Maximum value of k(θ) occurs at θ = −π/2 and equals
kmax =

I. I NTRODUCTION

Minimum value of k(θ) occurs at θ = π/2 and equals
kmin =

Marcum Q function of first order, Q1 (α, β) is defined as [7]
∫ π
1
Q1 (α, β) =
k(θ)dθ, α ≥ 0, β ≥ 0
(1)
2π −π
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1
1
exp(− (β(1 + ζ))2 ).
1+ζ
2

(4)

And at θ = 0, k(θ) gets the value
k0 =

1
1
exp(− β 2 (1 + ζ 2 )).
1 + ζ2
2

(5)

In Fig. 1 graphs of k(θ) for different β/α values are depicted.
Figure 2 shows a typical graph of k(θ) function. Tighter
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2

1.5

1

0.5

II. N EW U PPER B OUNDS FOR E RROR F UNCTION Q(·) AND
INTEGER P OWERS OF Q(·)

(3)

k(θ)

Arcum Q-function and its popular first order version
Q1 (α, β) is frequently met in performance evaluation
expressions of communications systems [1]. For instance, the
bit error rate of Gray coded system can be written in terms of
Marcum Q-function and in terms of modified Bessel function
of first kind. Calculation of generalized Marcum Q-function
particularly its first order is quite critical for many signal
detection problems. There are several methods proposed to
numerically compute this function [2]. On the other hand,
it is sometimes desirable to have an idea about the performance of communication systems without going into detailed
computation [3], [4], [5]. Explicit type approximations and
upper bounds are especially useful for wireless communication
systems [1]-[6]. Therefore it is important to have closed form
expressions or upper bounds for integral functions available
in implicit integral form. In [1]-[7] exponential type bounds
are proposed for Marcum-Q function. In this manuscript we
will derive tighter upper bounds for the well known first order
Marcum Q-function Q1 (α, β) via a geometrical approach. The
proposed bounds are tighter then the ones presented in [1][7] and applicable to communications systems. We will also
present practical applications of the proposed expressions. The
outline of the manuscript is as follows. In Section II we explain
the proposed geometrical approach technique to derive new
bounds for Marcum-Q function Q1 (α, β). The application of
the proposed technique is illustrated in Section III. Finally
conclusions are drawn in Section IV.

M
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exp(− (β(1 − ζ))2 ).
1−ζ
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Fig. 1.
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Graph of k(θ) for different ζ values.

upper bounds for Q1 (α, β) can be found using this graph.
Considering the area of abf gip we can suggest an upper bound
as
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2

1.4
Exact
Bound in (24)
Bound in (26)
Bound in (25)

1.2

1

(6)

where the right hand side is named as Q1B . A tighter upper
bound can be derived using the area of abf geip as follows
(using the area of two triangles and another two triangles in
small region)

0.8
Q1(α,β)

1 π
( (kmax − f (0)) + 2πk(0))
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2π 2
1 1
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Fig. 3. Bounds for Q1 (α, β).
1
1
2
+
exp(− (β(1 + ζ)) )
1+ζ
2
)
in [7] as
β2
2
2
∫ π
exp(−
(1
+
ζ
))
(7)
+
1
1 + ζ2
2
Q1 (α, β) = 1 +
k ′ (θ)dθ, α ≥ β ≥ 0
2π −π
where the bound expression is to be denoted as Q2B . In [7]
where k ′ (θ) is a nonzero function and is given as

Q1 (α, β) ≤

0.5

(9)

p

k ′ (θ) =

ζ 2 + ζsin(θ)
α2
× exp(− (1 + 2ζsin(θ) + ζ 2 )).
2
1 + 2ζsin(θ) + ζ
2
(10)

The graph of k ′ (θ) is depicted in Fig. 4. In [7] it is written
that the integrand expression in eqn. (10) takes its minimum
and maximum values at θ = −π/2 and θ = π/2 respectively
but this expression is not true. As it is clear in Fig. 4 that the
maximum of the integrand in eqn. (10) happens at different θ
values although the minimum value of the integral occurs at
θ = −π/2. For instance for α/β = 1.5 maximum value of
k ′ (θ) occurs at θ = −π/10.
Q1(α,β), α>β ≥ 0
0.2
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Graph of Q1 (α, β).
−1.2

an upper bound for Q1 (α, β) is defined as
Q1 (α, β) ≤

1
β 2 (1 − ζ)2
exp(−
).
1−ζ
2

−1.4

−1.6

(8)
−1.8
−4

The computer graph of the bound expressions for Q1 (α, β) are
depicted in Fig. 4 where it is clear that the suggested bounds
are much tighter than the one in ineq. (8).
For α > β ≥ 0 case first order Marcum Q function is found
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Bounds for Q1 (α, β).

In fact via computer simulations it is seen that the minimum
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value of the integral in eqn. (10) approximately happens at
θ ≈ 0. A typical plot of k ′ (θ) for α/β = 1.5 is shown in
Fig. 5 where it is clear that the we can drive an upper bound
using the area for the geometrical shape abcdehji. The values
i

k

h

e

3

where the coefficient satisfy c2 > c1 and they are proportional
to SNR. To derive an upper bound for Pe we can use the
inequalities in (13) and (14). Or we can use our geometrical
approach to derive a bound for Pe . It is shown in [7] that the
equation in eqn. (15) can be expressed also as
∫ π
1
Pe =
h(θ)dθ
(16)
4π −π
where h(θ) is defined as:
h(θ) =

1 − ζ2
c2
exp( (1 + 2ζsin(θ)) + ζ 2 ) (17)
1 + 2ζsin(θ) + ζ 2
2

where ζ = cc12 < 1. The graph of eqn. (17) is similar to the one
in Fig. 2 and following a similar approach as in the derivation
of ineq. (7), we can derive a tighter bound for Pe as:
U BPe =

j
a
−π

Fig. 5.

c

b

π
−
2

d
0

π

LBPe =

Marcum Q1 (α, β) function for α > β ≥ 0 .

11−ζ
3 1 − ζ2
+
exp(−0.5c2 (1 − ζ)2 )
8 1 + ζ2
81+ζ

(18)

11−ζ
11−ζ
exp(−0.5c2 (1 + ζ 2 )) +
exp(−0.5c2 )
21+ζ
81+ζ
(19)
U BPe ≤ Pe ≤ LBPe

(20)

′

of k (θ) at θ = −π, θ = 0, and θ = π are equal to each other
and given as
k0′ =

ζ2
α2
exp(−
(1 + ζ 2 ))
1 + ζ2
2

(11)

and the value of k ′ (θ) at θ = −π/2 is
′
kmin
=

ζ
α2
exp(− (1 − ζ)2 ).
ζ −1
2

(12)

Considering the area of the geometrical shape surrounded by
abcdehji we can drive upper bound for Q1 (α, β) as

IV. C ONCLUSIONS
In this manuscript we proposed new exponential bounds
for first order Marcum-Q function Q1 (α, β) using a geometric
approach. The suggested approach can also be employed to the
other mathematical functions widely used in communication
systems such as error function Q(·) and complementary error
function errf c(·). The proposed bounds are tighter when
compared to the previously suggested ones. Practical examples
are provided for the use of proposed expressions.
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1 3ζ 2
ζ
α2
Q1 (α, β) ≤ 1 + (
+
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III. P RACTICAL A PPLICATIONS
The probability of error expression for communication systems
employing partially coherent, differentially coherent, and noncoherent detection of phase shift keying and frequency shift
keying for additive white Gaussian noise channel is of the
form
√ √
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2
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AFE represents the state-of-art in terms of recognition accuracy
for noisy speech but it suffers from problem of high
computation load due to the use of double Wiener filtering.

Abstract—The paradigm multi-stream has been shown to
result in features combined that can help to increase the
robustness of distributed speech recognition (DSR) in the mobile
communications. In this paper, we employs a combination of post
proceeded Mel-cepstral coefficients (MFCCs) and line spectral
frequencies features (LSFs) projected in linear discriminate
analysis (LDA) space. The experiments performed on the Aurora
2.0 database using multi-condition training set show that, even
with fewer parameters, the proposed front-end provides
comparable recognition results to the standard ETSI WI008
advanced front-end, nowadays available in the vocal commands
of the GSM mobile communications, while achieving higher
accuracy when the signal-to-noise ratio (SNR) is very low.

In the last decade, some studies were carried out on the
combination of robust acoustic features. It has been shown the
effectiveness of merging different sources of information
about the speech signal that could be lost when using only the
MFCCs to recognize uttered speech. In previous paper, we
introduced a multi-stream paradigm for DSR in which, we
combine MFCC with LSF features [4]. These features are
adequately transformed and reduced in multi-stream scheme
using Karhunen-Loeve Transform (KLT) [5]. The results
obtained have shown a significant improvement in the
recognition performance of the first ETSI standard. In present
work, we investigate different methods to enhance parameters
corrupted by the noise effect. Indeed, one effective way to
reduce effect of noise in robust speech recognition is to
proceed directly on corrupted parameters. We start by extract
standard MFCCs with their deltas on which we apply noise
reduction methods. Finally LSF parameters projected in LDA
space are concatenated with processed MFCCs and delta
MFCCs to constitute robust multi-stream feature vector. The
latter is then used to train multi-stream hidden Markov models
(HMMs). The reason that motivated us to consider LSFs is
related to the fact that LSF regions of the spectrum may stay
above the noise level even in very low SNR ratio, while the
lower energy regions will tend to be masked by the noise
energy [4]. Moreover, the extraction LSF parameters can be
done as part of the process of MFCCs calculation which
allows reducing significantly the added computation load.

Keywords—distributed speech recognition; linear discriminate
analysis; multi-stream hidden Markov models; Mel-cepstral
coefficients; line spectral frequencies.

I.

INTRODUCTION

The development of robust speech recognition systems still
remains one of the main challenges of many researchers. It has
been observed that when modifying a speech recognition
system whose models were trained in clean conditions to
handle real world environments, its accuracy dramatically
degrades [1]. This is mainly due to the mismatches between
training and test conditions. To cope with these problems, there
are two major approaches. The first approach called front-end
process consists of extract robust parameters from corrupted
speech prior to pattern matching. The second approach uses
compensation methods to account for the effects of noise and
thus, adapt model to new environments.
The European Telecommunications Standards Institute
(ETSI) has established some standards for automatic speech
recognition (ASR) feature extraction. In [2], the basic DSR
algorithm WI007 Mel-Cepstrum front-end (DSR-FE) is
explored. The WI008 Advanced DSR front-end (DSR-AFE)
[3] is an extension of the basic DSR-FE; it has been developed
in order to improve the basic front-end robustness for
environmental noisy speech. The DSR-AFE uses two-stage
Mel-warped Wiener filtering and an SNR-dependent waveform
processing to improve the SNR of speech. The resulting speech
signal is further processed into MFCCs. Finally a blind
equalization is applied to the cepstral coefficients. The DSR-

The outline of this paper is as follows. In section 2, we
describe the proposed front-end. In Section 3, we proceed with
a description of the multi-stream statistical framework and
section 4 is devoted to the description of the evaluation
experimental of our proposed approach and the corresponding
discussion. Finally, a conclusion will be presented in Section 5.
II.

FRONT-END DESCRIPTION

There is a wide range of methods that can be used to
parametrically represent speech signal. The most popular of
them are MFCCs, PLPs (perceptual linear predictive), LPCs
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(linear predictive coding), LSFs and so on. However, if we
consider a signal corrupted by an additive or convolutional
noise, these methods become less efficient. Often, the
degradation of performance is minor when the SNR is high and
more important at low SNR levels. So it is challenging to
investigate a new method that provides robust and reliable
parameters. In this work, we propose a scheme of features
enhancement methods applied over MFCC and LSF
parameters. We start by using a 3-streams feature vector. The
First two streams are dedicated to the MFCCs and their first
derivatives. We apply cepstral mean compensation (CMC) and
cepstral variance normalization (CVN) over the first two
streams in order to reduce MFCCs distortion in presence of
additive and convolutional noises. Essentially, CMC consists
of subtracting, from each frame, the cepstral mean, calculated
across the utterance. For instance, we have an utterance
represented data by a matrix data C of element
whose each
row represents a feature vector and each column represents a
time sequence. Thus, CMC and CVN are applied as follow:
′

Speech signal frame (25 ms)

Mel-Filterbank
Analysis
13MFCCs (C0~C12)
+ MFCCs

13LPCs

Cepstral mean
compensation
Peak Picking
Algorithm
Cepstral Variance
Normalization

Autoregressive
Moving Average
Filtering

13LSFs

Linear Discriminate
Analysis

1

10LSFs

′

Features Concatenations

Where
is dth multi-stream coefficient of the tth frame.
are respectively the mean and variance of dth time
and
sequence coefficient. Each mean-subtracted and variancenormalized time sequence is further processed by an
autoregressive moving average (ARMA) filter [6]. Indeed,
ARMA filter was used for smoothing out any spikes in the
time sequence that might be caused by noise. Finally, LSF
parameters projected in LDA space (LSFs′) are used as the
elements of the third stream vector. LDA is applied to
preserve the most descriptive information by eliminating the
noisy principal components and reduce the dimension of the
features [7]. A block diagram of the proposed front-end is
shown in Fig. 1.
III.

Linear Predictive
Coding analysis

36 Dimensional
Feature Vector Output
Fig. 1. Bloc diagram of proposed front-end (add processing blocks related to
noise reduction effects are highlighted).

2
Where
is the observation vector of stream s at the
time t.
represents the stream weight and specifies the
contribution of each stream to the overall distribution. It is
normally assumed to satisfy the following constraints:

MULTI-STREAM FRAMWORK

The HMMs are often used trough parameters estimation of
a Gaussian set to model the statistical variations of speech [8].
A HMM model is basically a stochastic finite state automaton
which generates an observation string produced as a result of
an emitting vector
for each transition from state i to j. The
output distribution associated with each state is dependent on
one or more distinct stream which must be statistically
independent [9]. For example, static and dynamic coefficients
correlation is small. Hence, as coefficients are generated by
independent sources, we have to putting them in separate
streams in order to obtain a better modelisation by HMMs [4].
After, a multi-stream features vector formed by concatenated
these streams is used to train the corresponding phone (or
word) HMM.

∑

1

0

1

3

The distribution associated with each stream s is
represented by a multivariable mixture Gaussian density:
;

;∑

4

M is the number of mixture components,
is the mth
mixture weight of state j for the stream s. N denotes a
multivariable Gaussian having µ as the mean vector and ∑ as
the covariance matrix that is:

Consider an observation sequence O, O= … …. ,
possibly representing the utterance to be recognized. In this
sequence each vector is composed of S input streams. At the
time t, the probability b of observing a vector O in state j is
given by:

;

;∑
1
2
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Test set C consists of only 2*7 subsets containing one noise
type of test set A and one noise type of test set B. Speech and
noise are filtered with a MIRS characteristic before being
added at SNRs of 20dB, 15dB, 10dB, 5dB, 0dB and –5dB.

To investigate the multi-stream paradigm using the
proposed features for DSR, we have performed a several
experiments combining multiple sources of information about
the speech signal that could be lost when using only the
cepstral analysis. Recall that the proposed multi-stream has
three streams for all HMM states. The first stream consists of
classical MFCCs plus cepstral coefficient C0. The second
stream includes MFCC delta coefficients and the delta C0.
Both streams are processed by CMC, CVN and ARMA filter.
The third stream contains LDA projected LSFs. Although
stream weights may influence reconnaissance accuracy, we
often assign the same weight set to whole states in order to
reduce system complexity.
IV.

The clean case is also considered in test. This test set is
supplied with database to show the influence of distortions
related to transmission channel on recognizer robustness.
B. Features combination
In our experiments, we start by using 39-dimensional multistream feature vectors consisting of 13 cepstral features (C0 to
C12), their first derivatives and 13 LSF coefficients. The first
two streams are processed by CMC, CVN and ARMA filter in
order to improve MFCCs robustness. The dimension of LSFs is
reduced from 13 to 10 using LDA. Finally, we obtain 36dimensional multi-stream feature vectors.

EXPRIMENT AND EVALUATION

To examine the efficiency of the proposed front-end for
continuous speech recognition, a series of experiments on
Aurora 2.0 database are performed.

16 states whole-word HMMs were used to model each digit
of Aurora 2.0 multi-condition training set. A single HMM
consisting of 3 states is used to model the pauses. Note that, the
advantage of using multi-conditional training mode is the
possibility of considering the noise characteristics as part of the
word models, especially for pause model. Training and
recognition were carried out by HTK toolkit [9].

A. Database description
Aurora 2.0 database is based on version of Tidigit downsampled from 20 kHz to 8 kHz, and consists of a connected
digits task spoken by American English talkers [10]. 8440
utterances provided from 55 male and 55 female adults and
filtered with the G.712 (GSM standard) characteristics are used
for training task [11]. Two training modes have been defined.
The first uses only clean utterances in training task. The second
mode is based on the usage of clean and noisy data. The latter
mode, referred as multi-condition training set, contains
utterances with 4 different noise types (subway, train, babble,
car and exhibition hall) recorded at 5 SNR levels (5 to 20 dB
and “clean”). Thus, a total of 4*5 subsets are available. Each
subset consists of 422 utterances.

C. Test results and discussion
Performances of the proposed front-end were compared
with those of the ETSI front-ends for the three test sets. Table
1 gives the results for GSM speech corrupted by different
types of test noise, namely subway for test A and C, and
restaurant for Test B. Best results in terms of word recognition
accuracy are edited in bold. It can be observed that the
proposed front-end performs much better than the standard
DSR-FE, Moreover, it provides comparable recognition
performance compared with the reference DSR-AFE.

Three different tests set A, B and C are defined. They
contain data artificially distorted by adding recorded noises at
different SNR. Speech and noise are filtered with the G.712
before being added. In test set A, four distinct noise signals
(subway, train, babble, car and exhibition hall) were added to
clean case at SNRs of –5, 0, 5, 10, 15 and 20 dB. The clean
case is considered as subset test. A total of 4*7 *1001 = 28028
utterances will be used.

For very low SNRs, when the SNR decreases less than
5dB, the use of LSF front-end with 36-dimensionnal feature
vector leads to a significant improvement in word recognition
accuracy (Fig. 2). We note that our approach is all the better,
when the SNR decreases. The substituting of acceleration
components and energy by the LSFs in the baseline vector led
to an improvement in rate recognition with a consequent
dimension vector. Note that, in this figure 2 the (C) following
the names of a noise type refer to noisy speech data from test
set C.

Test set B has the same organization as in A. However it
uses four different noises, namely restaurant, street, airport and
train station.
TABLE I.

RECOGNITION RATE (%) OF THE BASIC DSR SYSTEM AND THOSE USING THE MULTI- VARIABLE ON TEST A, B AND C OF AURORA DATABASE

Noise type

Multi-variable vector

Subway
(Test A)

DSR-FE (39)
DSR-AFE (39)
Proposed (36)

clean
98.68
99.17
98.65

Restaurant
(Test B)

DSR-FE (39)
DSR-AFE (39)
Proposed (36)

98.68
99.17
98.65

Subway
(Test C)

DSR-FE (39)
DSR-AFE (39)
Proposed (36)

98.5
99.11
98.89

20dB
97.61
98.71
98.31
96.87
98.43
98.04
97.3
98.5
98.56
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15dB
96.47
97.7
97.85
95.3
97.76
97.73
96.35
97.82
97.88

10dB
94.44
95.27
96.47
91.96
95.49
95.7
93.34
96.13
95.86

5dB
88.36
91.5
92.08
83.54
88.61
89.13
82.41
90.54
91.34

0dB
66.9
77.62
78.45
59.29
70.49
69.73
46.82
72.37
74.91

-5dB
26.13
45.07
47.19
25.51
32.76
32.24
18.91
36.51
41.11
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Fig. 3. Average recognition results for Aurora test C, proposed front-end
compared with ETSI MFCC front-ends by SNR

applications running on handheld devices with limited memory
and processing power.

Noise type
Fig. 2. Recognition results for whole Aurora test sets, proposed front-end
compared with ETSI front-ends by noise type at SNR=-5dB.

In future works, we will propose solutions to reach optimal weight stream
values in order to improve the speech recognition accuracy. Indeed, as seen in
equation 2, we can notice that, for multi-stream vector, the

To get an insight on how the proposed front-end is
performing at different noise levels, the average recognition
accuracy over all noise types (e.g. in test set C) obtained by
each front-end for different SNRs is plotted in Fig. 3. As

recognition depends on weighted stream parameters.
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observed from this figure, the LSF-FE achieves higher
digit accuracy than the ETSI advanced front-end for the low
SNRs (less than 5 dB) and performs similarly at other SNRs.
On the other hand, both the proposed front-end and the
advanced front-end perform much better than the ETSI
standard MFCC front-end, particularly in the noisier
conditions. In some cases, more than double of the recognition
accuracy can be achieved by using the proposed front-end.
V.

CONCLUSION

In this study, we have proposed a new robust front-end as
an alternative for the ETSI DSR advanced front-end codec.
This approach uses feature enhancement techniques performed
over LSF and MFCC parameters. The parameters proceeded
are then combined in order to improve the performance of DSR
in severely degraded environments. Experimental results on the
Aurora 2.0 database revealed the effectiveness of this frontend. Indeed, the latter is found to obtain a high score of error
rate reduction compared to the standard DSR-FE. Moreover,
the proposed front-end provides comparable DSR-AFE
recognition accuracy with fewer parameters over whole tests
set. The robustness of our front-end is better under severely
degraded noise conditions (i.e. -5 dB).
Although, extracting other parameters seems to increase
computational complexity of the proposed front-end. However,
recall that the main drawback of the DSR-AFE is its high
computation load due its noise reduction bloc and the
extraction LSF parameters can be done as part of the process of
MFCCs calculation which allows reducing significantly the
added computation load. Thus, the proposed front-end appears
to be more appropriate compared to other ETSI standards for
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involved in data security, in this paper I examine the existing
RBAC approach of applying data security predicates based on
enterprise applications’ job roles, duty roles and data roles and
their impacts on the performance of SQL queries in the
underlying relational database. While RBAC-based data
security may not have huge performance impacts when users
have only one defined role, performance degradations start to
arise when users have multiple roles in an enterprise and they
have access to data via many different data security predicates’
sub-queries. For example, a sales manager using a Customer
Relationship Management application such as Lead
Management or Opportunity Management could have multiple
roles and implicit roles through group memberships and
hierarchy. Based on these roles, the sales manager’s access to
data would be controlled by a union of all the data security
predicates, which may sometimes overlap. [4] The
performance problems are further exacerbated by the fact that
modern enterprise business applications have a very complex
data model with the data typically stored in many different
database tables. Accessing such data even without data security
predicates often results in complex SQL queries whose
performance is a challenge by itself. Such performance
problems affect dynamically generated SQLs, which is the new
norm. Appending of RBAC-based data security predicates to
such complex SQL queries often results in poor performance in
the database. The use of the term “context-aware” for
computer applications is not very new and was described by
Schilit et al. in 1994 [8]. The term has also been applied to
business process management [6]. While context can have
many different facets and categorizations, Kaltz et al. [7]
identified user and role to be one of such categorizations.
Existing work done by researchers in applying context to
RBAC in computer applications has been mostly on the aspects
of implementation. For example, Kulkarni and Tripathi have
discussed the issues related to the implementation of RBAC for
pervasive computer applications [9] by utilizing context
information. In the realm of enterprise business applications,
the user, the user’s role(s) in the enterprise and the task that the
user aims to perform at a given point in time are the key
aspects of RBAC context. The impacts of such RBAC policies
and systems on the performance and scalability of enterprise
business applications has not been the focus of much research.
In this paper, I focus on the effects of RBAC on the
performance of SQL queries in an enterprise business
application and propose the use of context in conjunction with
RBAC to optimize the performance and scalability of such

Abstract— the importance of data security in enterprise
business applications has risen sharply in recent years, especially
due to the many new regulations and the rise in cloud-based
environments. Most solutions use Role Based Access Control
(RBAC) which secures the data using data security predicates
(DSP) in the form of Structured Query Language (SQL)
WHERE clauses. The current methods cause a huge drag on the
SQLs’ performance. In this paper, I focus on the effects of RBAC
on the performance of SQL queries. I propose a solution to
achieve performance goals in RBAC data security by ensuring
that the DSPs are made context-sensitive, keeping in mind the
context in which the end user is navigating the application. By
ensuring context-sensitive data security, the complexity of the
SQL queries is reduced and the underlying RDBMS can create
simpler, better optimized execution plans. Several experiments
using existing applications show very good performance
improvements.
Keywords— Data Security, RBAC, Performance Improvement,
Context-Sensitive Data Security.

I.

INTRODUCTION

Information security and specifically data access security
has been a subject of much research for past many years.
Controlling who has access to what data in an enterprise
application system is a key concern while implementing
security. One of the standard concepts to control data access is
the Role Based Access Control (RBAC) which has become the
de facto industry standard. In 2004, The American National
Standards Institute, International Committee for Information
Technology Standards (ANSI/INCITS) adopted Sandhu,
Ferraiolo, Kuhn RBAC proposal as an industry consensus
standard [1, 2]. Wikipedia describes role-based access control
(RBAC) [3] as an approach to restricting system access to
authorized users. This is adopted and implemented by many
manufacturers of widely used enterprise applications. While
there has been much research on RBAC, its implementation
and security benefits, there has not been much research on the
impacts of such a data security model on the performance and
scalability of enterprise business applications. Most
commercial enterprise business applications use a relational
database like Oracle at the back end and all processing of data
is managed through SQL queries. At the lowest grain, the
performance of such SQL queries often dictates the
performance and scalability of the application, among other
factors. While there are many different application layers
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applications. In this paper, I use the term “context-sensitive”
instead of “context-aware” to describe such aspects of an
enterprise business application user’s context that have a direct
bearing on the performance of SQLs and thereby on
applications that use RBAC. A context-sensitive RBAC
architecture is not only context-aware but it goes one step
further to make use of such context awareness to take certain
actions that would significantly improve the performance of
the SQL queries and as a result improve the performance and
scalability of the application.
II.

AND
<Business Flow Use Case sub-query>
B. Impact of RBAC on Performance of SQL Queries
When analyzing the SQLs for the many use cases, I found
that, in a lot of cases, the relational database cost-based
optimizer (CBO) was unable to find an optimal execution plan
based on the use case scenario being executed. One part of the
problem identified was that the DSP sub-queries were written
in many different forms, some using EXISTS, some using IN,
some using a combination of EXISTS and IN, others using
UNION, Nested-Sub-Queries etc. In addition, the problem is
compounded by the fact that the DSP sub-queries reference a
wide range of different tables, views and Materialized Views
(MVs), including hierarchical ones that make these sub-queries
extremely complex. Even though CBOs have made excellent
advancements in recent years to process SQLs more efficiently,
given the SQLs’ complexity and size, with many EXISTS and
OR'ed DSP sub-queries, CBO often has trouble with handling
all the transformations and costing of such SQLs and this has a
major impact on their performance. Additionally, the CBO
transformations, even when achieved, are very complex and
expensive. In existing implementations of RBAC, for a given
user, based on his/her job role and duty roles, certain DSP subqueries are appended to the main SQL at run time. Analysis of
a large number SQLs for the use cases brought out another
very important finding. It showed that the application and
security framework did not make any allowance for the context
in which the given user was executing the SQL. For example,
when the logged in user switches context in the application to
view his/her marketing leads, for example, the SQL generated
by the framework at run time appends all the OR’ed data
security predicates to the SQL that the user’s job/duty role has
access to. This is based on the RBAC model that a user’s data
visibility is controlled by the union of all grants. It did not
matter, that the user was looking to find only the data for leads
where he/she was the owner of Leads as controlled by
owner_id column, and that this column was already the main
filtering predicate in the main SQL, making the evaluation of
all the DSP sub-queries redundant. As a result, the database
CBO needs to evaluate (and most often materialize) all the
rows that the user was entitled to see, only to discard them later
in the execution plan and keep only the rows that the user
wanted to view. This was very evident in the execution plans
analyzed. For example, the CBO execution plan statistics may
show that the OR’ed DSP sub-queries resulted in being
evaluated by the optimizer individually and then combined
with a UNION ALL to 1000 rows. Then, subsequent plan
operations may show that based on the outer query’s context
predicate, all but 10 rows out of the 1000 were thrown away.
Obviously, this is extremely inefficient and quite a waste of db
resources. This lack of context sensitivity not only leads to the
complexity of the SQL that adversely affects the optimizer’s
choice of execution plans, but it also leads to extremely
expensive operations and wasted resources at the database in
terms of memory, disk input-output (IO) and processor
(CPU).The Analysis of the SQLs, their execution plans and
results brought out another very interesting finding. I found
that for most of the business use cases, the use-case sub-query,

MOTIVATION AND BACKGROUND WORK

A. Current RBAC Framework and Seeded Data Security
Predicates’ Sub-Queries
In the current implementations in enterprise business
application like Fusion Applications from Oracle, the data
visibility is controlled through RBAC [10]. Users are granted
certain roles and when a user has multiple roles, RBAC ensures
that the user’s access is the union of all granted roles. The
actual implementation of RBAC is achieved through the use of
data security predicates' (DSP) sub-queries which are created
and stored in a central grants table in the database. The security
framework ensures that at run time, the required instance sets
are put together based on the grants for a defined job role and
duty roles. At run time, when a user logs in to the application
and starts to use the business flows which require SQL queries
to be sent to the back-end relational database, all of the user’s
accessible DSP sub-queries are OR-ed together and appended
to the main SQL by the framework. As part of business flows,
a user typically defines an additional search criteria which gets
appended as an IN or EXISTS sub-query to the main SQL. The
SQL thus generated at run time takes the following generic
form:
SELECT <required columns>
FROM <required tables/views>
WHERE
<Joins>
AND
<Main Query Predicates>
AND
(DSP_Sub-Query-1
OR
DSP_Sub-Query-2
OR
DSP_Sub-Query-3
OR
…..
DSP_Sub-Query-n )
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appended dynamically to the SQL at run time, had an
equivalent DSP sub-query. This highlights the fact that the
rows that qualify using the business flow search sub-query are
essentially a sub-set of the rows that qualify from the UNION
of all the OR’ed DSP sub-queries of the RBAC framework.
There were only a handful of exceptions to this finding where
all DSP sub-queries must be evaluated to satisfy the user’s
query. Taking this a step further, essentially it means that the
DSP sub-queries may be logically redundant in many use
cases. In enterprise business applications that use RBAC DSP
sub-queries to control data visibility, the underlying relational
database’s CBO faces a dilemma, which is sometimes called
the “Tiny-Huge, Huge-Tiny” problem. The dilemma is to
decide whether to drive from the main outer query or drive
from the RBAC-based DSP sub-queries based on an estimate
of which one will be more restrictive in terms of the number of
qualifying rows. There are many factors that can influence the
CBO’s decision and the use of bind variables in dynamically
generated SQL queries makes it all the more difficult to make
this estimation.
III.

A. Context-Capture Module
In the proposed solution, the “Context-Capture” module
resides on the user interface layer of the business application.
Its job is to follow the logged-in user’s actions and capture the
context attributes up to the point where the user action starts
the processing of their request to access data from the
underlying relational database. These context attributes may be
purely physical attributes like geographic location, or may
directly correspond to the user’s desire to access a specific set
of data based on the role and responsibilities being exercised
for the particular use case. User-driven context attributes may
be filter predicates that map to some table’s columns in the
underlying database or they could be the user’s desire to be
acting in a certain job or duty role at that moment. Most
modern application development frameworks provide ways of
developing such a “Context-Capture” module. For example,
Oracle’s Application Development Framework (ADF)
provides a “Contextual Event Framework” with appropriate
listeners that can be used to capture binding attributes, actions
and events from the UI [17].
B. The RBAC “Context-Processor” Module
This is the most important component in generating
context-sensitive data security predicates. It resides in the
middle tier of the business application as part of the
security framework. The “Context-Processor” takes two
inputs. The first input is the context attributes captured
from the UI by the “Context-Capture” module. The second
input is the complete set of DSP sub-queries from the
database that are applicable to the current user which are
obtained through the RBAC security framework. For
example, take the case where a user has been granted
multiple roles that authorize data access from a variety of
access paths. The user, while navigating the application,
decides that for that particular UI flow, he/she would like to
see data returned only for one specific role they are

CONTEXT-SENSITIVE DATA SECURITY FOR BUSINESS
APPLICATIONS’ PERFORMANCE OPTIMIZATION

Given the many factors affecting performance of SQLs that
get appended with multi-role RBAC-based DSP sub-queries, I
propose making data security to be context-sensitive at runtime. The proposal achieves this by using a two-layered
solution that can significantly improve the performance of such
SQLs by using context information to filter the row-set that
would result from the union of all the DSP sub-queries. The
idea behind this is two-fold – one, simplify the SQL being sent
to the database for execution and two, restrict the row-set
processing to exactly what the user wishes to retrieve, thereby
removing inefficiencies in the execution process. Figure 1
illustrates the concept of context capturing and processing to
generate context-sensitive DSP sub-queries.

Context-Sensitive Data Security
User has Job/Duty Roles
“Context-Capture” Module

User Interface

Captures and passes user’s
context-attributes
to Context-Processor
In Security Framework

Context-Processor

Middleware
Security Framework

User’s Applicable DSP Sub-queries
fetched from database and input
to Context-Processor
By Security Framework

Database

Result set from database
Returned to UI via Middleware

Generates
Context-Sensitive
DSP Sub-queries

SQL with context-sensitive
DSP sub-queries
sent to database for
processing

DSP Sub-queries in Grants Table
User Data in Tables

Figure 1. Architectural Components of Context-Sensitive Data Security in 3-Tiered Application Architecture
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working on at the moment. In this situation, the “ContextProcessor” would use this context attribute to parse the
DSP sub-queries to identify which one of these corresponds
to the user’s desire to be in a particular role for that
moment. After identifying the one DSP sub-query, the
“Context-Processor” would strip out the remaining DSP
sub-queries which are redundant to the user’s request.
There may be situations where more than one context
attribute would need to be processed. In this manner, the
“Context-Processor” would process all the captured context
attributes to generate a context-sensitive SQL that would
then be processed in the normal way. The context-sensitive
SQL thus generated would have all the data security
redundancies removed and will have additional predicates
added to the DSP sub-queries. This action addresses the
problem of SQL size and complexity and consequently the
CBO’s ability to generate optimized and stable execution
plans, thereby resulting in better performance of the SQL.
In short, the “Context-Processor” in the security framework
processes the context attributes and applies these
intelligently on the DSP sub-queries to produce contextsensitive SQLs. In the case of enterprise business
applications, the context-processor could be implemented
by way of writing code using the following generic
algorithm:

The final context-sensitive SQL thus generated is simpler,
smaller in size and has much better performance as
compared to the existing SQL.
C. Example of SQL with Context-Sensitive Data Security
For example, let’s say one of the context attributes captured
by the “context-capture” process and passed to the “contextprocessor” was the creation date of an object that relates to a
column in a table in the database and the user is interested in a
row set that corresponds to a specific value or a range of values
for creation date. Also, say the user wishes to see only the
records that are directly owned by him rather than all the
records to which the user has access to via the union all of
RBAC sub-queries. The “Context-Processor” in this case
would create context sensitive security by doing two things.
First, it will parse all the DSP sub-queries to check where all
this creation date is applicable and add it as an additional filter
predicate to the affected DSP sub-queries. Second, based on
the context, it will strip out the DSP sub-queries that are not
required but that are added by the RBAC security framework.
Such a representative use case from Oracle’s Fusion CRM
Application is shown below. In the example, the desired end
result is for a sales manager to see details of Leads where
he/she is the owner as reflected in column OWNER_ID in the
MKL_LM_LEADS table. The user chooses to limit the search
based on the Lead’s CREATION_DATE, also from the same
MKL_LM_LEADS table. The SQLs before and after contextprocessing are shown below.

Start Generate Context-Sensitive DSP Sub-Query
Get captured UI Context Attributes
Retrieve RBAC Data Security Predicates Sub Queries for
User

Existing “My Leads” Query:

Iterate Until all UI Context Attributes Processed
SELECT

Iterate Until all DSP Sub-Queries Processed

MklLeadEO.LEAD_NAME,

Validate DSP Sub-Query Applicability

<Column names>

If DSP Sub-Query Applicable to Current Context

FROM

Then Keep DSP Sub-Query
Else Remove DSP Sub-Query

MKL_LM_LEADS MklLeadEO,

End if

<Other table names>
WHERE

Validate Context-Attribute Applicability for Kept
DSP Sub-Query

<Joins and predicates>

If Attribute Applicable

/* Main Filtering Criteria in Outer SQL that defines My
Leads*/

Apply Context Attribute to DSP Sub-Query

AND
(
(
(
(MklLeadEO.OWNER_ID
:BindLoggedInUserResourceId ) ) )

End if
End Iterate

/*
the
secondary
CREATION_DATE */

End Iterate
Dispatch Context-Sensitive DSP Sub-Queries for Being
Applied to Main SQL

restrictive

filter

=
predicate

AND
((MklLeadEO.CREATION_DATE
BETWEEN
:BindLowerDateRange AND :BindUpperDateRange ) ) ) )

End Generate Context-Sensitive DSP Sub-Query

AND
(:SysEffectiveDateBindVar
BETWEEN
OrganizationDEO.EFFECTIVE_START_DATE(+)
AND
OrganizationDEO.EFFECTIVE_END_DATE(+))
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AND
(OrganizationDEO.EFFECTIVE_LATEST_CHANGE(+)
'Y')

/* The context-processor retains only the contextually
applicable DSP sub-query, stripping out the remaining ones. In
addition, the context predicate CREATION_DATE is added as
an additional filter predicate to the retained DSP sub-query */

=

/* Union of All OR’ed DSP Sub-Queries Appended by
RBAC Security Framework at run time */

AND (MklLeadEO.lead_id IN

AND

(SELECT lead_id

((MklLeadEO.lead_id IN

FROM MKL_LM_LEADS

(SELECT lead_id

WHERE owner_id =

FROM MKL_LM_LEADS

(SELECT
FROM dual )

WHERE owner_id =
(SELECT
FROM dual )

AND
CREATION_DATE
BETWEEN
:BindLowerDateRange AND :BindUpperDateRange)

HZ_SESSION_UTIL.GET_USER_PARTYID

OR MklLeadEO.lead_id IN DSP-SubQuery2

IV.

OR MklLeadEO.lead_id IN DSP-SubQuery3

EXPERIMENTAL RESULTS USING ORACLE’S FUSION
APPLICATIONS

We applied this solution to Oracle’s Fusion Applications that
are built using the Oracle Application Development
Framework (ADF). For the benchmarking experiments to
establish the performance gains of context-sensitive data
security, we used the Lead Management and Opportunity
Management modules of Fusion CRM application [18] against
an Oracle 11gR2 database with very promising results. We saw
very significant improvements in SQLs’ response time (RT),
buffer gets, hard parse time and shared memory utilization, the
four commonly used parameters for measuring the
performance of SQL queries. The simplification of the DSP
sub-queries also helped improve the hard parse time of the
context-sensitive SQLs. When the context-sensitive DSPs were
implemented, we recorded repeatable, significant gains in not
only individual SQL performance but also at the database
resources level. A sampling of these gains for SQL
performance is highlighted below for Lead Management
module in Figure 2 for five use cases benchmarked for one
user.

OR MklLeadEO.lead_id IN DSP-SubQuery4
OR MklLeadEO.lead_id IN DSP-SubQuery5
OR MklLeadEO.lead_id IN DSP-SubQuery6
OR MklLeadEO.lead_id IN DSP-SubQuery7
OR MklLeadEO.lead_id IN DSP-SubQuery8
OR MklLeadEO.lead_id IN DSP-SubQuery9)
Context-Sensitive “My Leads” Query After Context
Processing:
SELECT
MklLeadEO.LEAD_NAME,
<column names>
FROM
MKL_LM_LEADS MklLeadEO,
<Other table names>
WHERE
<Joins and predicates>
(:SysEffectiveDateBindVar
BETWEEN
OrganizationDEO.EFFECTIVE_START_DATE(+)
AND
OrganizationDEO.EFFECTIVE_END_DATE(+))
AND
(OrganizationDEO.EFFECTIVE_LATEST_CHANGE(+)
'Y')

HZ_SESSION_UTIL.GET_USER_PARTYID

=
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Figure2. Performance Improvements for Lead Management SQLs of Oracle Fusion CRM Application
Similar improvements were recorded in the benchmarking
of five use cases for the Opportunity Management module of
Oracle Fusion CRM Application as shown in Figure 3.

Figure3. Performance Improvements for Opportunity Management SQLs of Oracle Fusion CRM Application
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V.

[6]

CONCLUSION

RBAC based data security has been established as an industry
standard practice for many types of applications including
enterprise business applications. However, the impacts of

[7]

[8]

RBAC based data security on performance and scalability has
not been the focus of much research. In this paper we have
researched, documented and presented the serious performance
issues caused by RBAC based DSP sub-queries where a user
has been assigned multiple roles and responsibilities. The
current methodology of applying all DSP sub-queries bound
together with OR conditions without regard to the context in
which a user is executing the query poses a serious
performance problem and can be a risk to the success of
enterprise business applications. we have proposed a solution
that takes into account all context attributes to process and
produce “context-sensitive” SQL queries that dramatically
improve the performance of such SQLs. we have benchmarked
many uses cases in Oracle Fusion Applications against an
Oracle database. All the use cases showed significant
performance gains in terms of Response Time (RT), hard parse
time, buffer gets as well as shared memory. Adoption of the
proposed solution can thus provide significant performance and
scalability improvements in enterprise business applications.

[9]

[10]

[11]

[12]

[13]

[14]
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this approach can generally be classified into two tracks:
Schemaless-centric
technique
and
schema–centric.
Schemaless-centric technique is used to make use of XML
document structure to manage mapping process [9], [10], [11],
[12]. In schema–centric, XML schema information is used to
develop a relational storage for XML documents [5], [3]. Each
approach introduced some solutions for the mapping process
but failed to solve others.

Abstract
Extensible Markup Language (XML) nowadays is one of the
most important standard media used for exchanging and
representing data through the Internet. Storing, updating and
retrieving the huge amount of web services data such as XML is
an attractive area of research for researchers and database
vendors. In this paper, we propose and develop a new mapping
model, called Multi Dimension Links (MDL), for storing,
rebuilding, updating and querying XML documents using a
Relational Database without making use of any XML schemas in
the mapping process. This model is used to maintain XML
document structure, manage the process of updating document
contents and retrieve document contents efficiently. Experiments
are done to evaluate MDL model. MDL will be compared with
other well-known models available in the literature using total
expected value of rebuilding XML document execution time and
insertion of token execution time.

In this paper we will concentrate on a new approach for
mapping XML documents into RDB which is called MDL (i.e.
Multi Dimension Links). The model does not make use of any
XML schemas to manage mapping process. In this model, the
document structure and document contents are stored in RDB
tables. It uses multi-links to reserve document structure and
elements relations within the document as parent-child,
ancestor-descendant, left-sibling and right-sibling. The use of
multi-links will make the insertion process cost for new
elements and attributes anywhere in the document close to
constant value, since there is no need to relabel the elements
and the attributes following the inserted element or attribute.
Other models [11], [13] which consider the element or attribute
label as an identifier to reserve document structure, the cost of
insertion in this case will vary depending on the position of
insertion, since relabelling is needed after each insertion to
maintain the document order.

Keywords: XML, Mapping, Schemaless, Relational Database

I.

INTRODUCTION

The World Wide Web (WWW) nowadays is an important
medium used by many people for many activities in their daily
life (i.e.; e-management, e-learning, e-mail, e-library and ebusiness). Many enterprises are working together using XML
technologies for exchanging their web services data.
Exchanging, sorting, updating and retrieving these huge data
has become a source of concern for researchers and database
vendors.

II.

STATE OF THE ART TECHNOLOGY

A number of different techniques for storing XML
documents in a RDB have been established. These techniques
can be divided into two tracks: the schemaless-centric
technique and the schema–centric technique. The first one
makes use of XML document structure to manage the mapping
process [11], [12], [9], [10]. The second one depends on
schema information to develop a relational schema for XML
documents [3], [5].

At present, storing and retrieving of XML documents can
be done using mainly three approaches, i.e., native XML
database [1], Object Oriented Database [2] and Relational
Database (RDB) [3], [4], [5], [6], [7], [8].
The most important factor in choosing the target database is
the type of XML documents to be stored, data-centric (e.g.,
bank transaction, airlines transactions) or document-centric
(e.g., emails, books, manual).

Some studies work on optimizing query time [13], [12], but
they fail to update XML document stored in RDB. That is
because each insertion requires a lot of nodes to be relabelled
after insertion of new node or subtree. Others [2],[4] solve
partially the updating problem by creating a gap within the
label, but there is still a need for relabelling after consuming
the reserved space. Other studies [3], [5] work on storage
optimization and create a relational schema depending on XML
schema. Redundant data are removed by creating new relation
for each recursive child (or inlining some child in parent

Using a hybrid approach of RDB to store and retrieve data
and XML to exchange and represent it. This will solve most of
the data issues of integrity, multi-user access, retrieving,
exchanging, concurrency control, crash recovery, indexing,
security, storing semi-structure data, and reliability. But some
drawbacks in this approach could raise: Loss of information,
difficulties in updating its contents and difficulties in
rebuilding of original document. The mapping techniques of
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relation to reduce the number of created relation). Sometimes a
large number of relations are needed to be created for some
complex document. Consequently, large numbers of joins are
needed to retrieve document information from a RDB. Also
sometimes XML schema is not available for some documents
which require reconstructing XML schema first from document
structure, and creating relational schema based on it. XML
reconstruction is considered as a time overhead in this case. In
some studies like [9], they do a map for some parts of the XML
document. They used the query to optimize the mapping time
from XML document to RDB. They did not store the entire
content of a document in a RDB. This method requires a
mapping for each query, and cannot make use of other data
stored in RDB.

level, and (2) there is no need for an XML schema in the
storing process. The drawbacks of these methods are: (1) They
cannot make use of the XML Markup structural information,
(2) they don’t take into account the query workload while
constructing the relational schema, and (3) the XML document
structure is not preserved.
Schema centric techniques need XML schema to develop
the relational schema. Such techniques sometimes need to
create a relational schema to store the XML schema. The
created schema is used during and after shredding the XML
documents. The data that is captured from the XML document
is stored in the created relational tables. The advantages of
these techniques are: (1) they restrict XML structure to the
defined schema, (2) they enforce referential constraints,
primary and foreign key relationships, and (3) they simplify the
mapping process because users are not involved in addressing a
new mapping language. But, the techniques reviewed above are
(1) do not consider multiple possible relational mappings so as
to choose the optimal one; (2) XML schemas are sometimes
not available, so there is a need to construct the schema first
and then do the mapping. (3) A reconstruction of database
schema is needed as any change in the XML schema happens,
which makes it very expensive in this case. (4) Sometimes, a
large number of relations need to be created depending on the
XML schema; consequently, a lot of joins are needed to
retrieve XML document information.

The studies that address the problem of mapping XML
document into RDB take care of the above issues, and attempt
to translate users’ XML queries, either XPath expression [14]
or W3C’s recommendation XQuery expression [15] into SQL
queries [16]. XQuery gives power to the translation method
since XQuery comprises XPath, and it is recommended by
W3C, while XPath is not. The translation method should also
consider its ability to rebuild, the stored XML document
without losing information, and retrieve it in an acceptable
time. Many studies have tried to address translation and restore
constructing labelling methods. Labelling methods aim to
reserve nodes order, parent-child and ancestor-descendant
relationships, and document structure [11], [2], [12], [4], [17].

III.

Storing XML documents into relational databases makes
use of RDBMS, (i.e. multi-user access, data integrity, security,
crash recovery) and makes use of its high potential query
language SQL. Using original XML document after the
mapping process will be out of use if any updating is done on
the document. This makes rebuilding of XML documents from
relational databases is equally important as a big deal. The
rebuilding process raises a lot of issues to be considered, such
as: 1) Reserving the structure of the original document,
including nodes order and relationships when efficient labelling
methods are used for rebuilding (i.e., parent-child, ancestordescendant and preceding-following relationships), 2) Making
sure that all document contents are stored (elements, attributes,
comments … etc.), 3) The rebuilding process should be
efficient for the entire document or some parts of it.

MDL MODEL

MDL Theory
Storing XML document into RDB means storing ordered,
hierarchical and structured information into an unordered
tables. XML manipulation is still facing some problems such as
retrieving information, updating data contents, concurrency
control and multi-user access. These problems can be
overcome by using RDB to store, update and retrieve XML
documents contents. Labelling techniques are used in order to
preserve XML document structure, and the relations among its
contents. MDL adopts the Global Labelling method with some
modifications [11]. Global Labelling is modified to make the
cost of the execution time of XML document updating
constant, and to preserve parent-child and ancestor-descendant
relationships. The new model uses document structure
information to guide the mapping process, Consequently DTD
or XML Schema information availability is not required.

These rebuilding solutions depend on the method used for
mapping, and the way of labelling the contents of XML
document in RDB.

Theory Background
The hierarchy of XML document could be represented as a
tree structure. XML tree can clearly represent the relationships
between nodes of document content.

Schema-less centric techniques do not require an XML
DTD or XML Schema. Present proposals depend on XML
document's structure to manage the mapping process. In such
approaches, XML document is entirely stored as a large solid
object data type (CLOBs, BLOBs for example), which are
provided by most RDB vendors (e.g., Oracle interMedia Text,
DB2 Text Extender). Another way is to map the tree or graph
of the XML document generically onto predefined relations.
These approaches depend on using a long-character-string data
type, such as CLOB in SQL, to store XML documents or
fragments as texts in columns of tables. The advantages of
these approaches are: (1) They could provide textual fidelity
since they preserve the original XML at the character string

Definition 1: An XML tree is a collection of many nested

subtrees of depth two. It can be denoted as follows:
n

m

T   S i j

(1)

i 1 j 1

Where:
J = 1, 2, 3 … m represent the order of subtree number
within ith level;
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 rightID (Right-sibling) is the tokenID of the following
sibling token.
 prevID is the tokenID of the previous token of the current
token in the document structure.
Fig. 1 gives an overview on the multi dimension links (MDL)
and the relations between its nodes.
The tokenID and parentID are used to maintain the parentchild and ancestor-descendant relationships, while leftID and
rightID together with tokenID are used to maintain elements
and attributes order as siblings and brothers relationships
within the documents structure.

I = 1, 2 …. n represents tree level number and 1 also
represents the tree root; and
Sij represents a subtree structure and is denoted as
∑

∑

∑

∑

(2)

Where:
Eij represents the root of the subtree Sij
l1 represents number of text (X) in subree Sij
l2 represents number of attributes (A) in subree Sij
l3 represents number of elements (E) in subree Sij
Gi,z is a finite set of edges between Eij and its childs
representing parent-child relationship (l2+l3).

A fixed relational schema consisting of three tables is used
to store XML documents' contents and their structure. The first
table is called "documents table”; it preserves XML documents
information. The second table is called "tokens table”; it
preserves XML documents contents and structure. The third
table is called “XpathQuery table”; it is a temporary table used
to preserve token paths for a desired XPath expression from a
document’s root down to the desired token.

Definition 1 moves the organization of XML document,
from being a tree of multi-dimensional way with arbitrary
depth and width, to a tree structure of depth two. The resultant
tree is unbounded fan-out at first level and fixed fan-out at the
second level. The first level can be represented in RDB as
tuples (i.e. rows) and the second level can be represented by
fields (i.e. columns).

Relational Schema
1. Document master table: It is called "documents” table.
This table keeps information about documents
themselves; its minimal structure is:
Documents(documentID, documentName, Header, docElement,
schemaInfo, maxTokenId, XpathCount)

Mapping Framework
Our approach considers well-formed XML documents,
which are shredded and decomposed into elements and
attributes, and then these elements and attributes are inserted
into the RDB tables. It does not consider the XML schema for
the following reasons:

2.

“Tokens” table: A table to store the actual content and
structure for all documents. Documents will be shredded
into pieces of data called tokens. Each document element,
or element attribute will be considered as a token. The
“tokens” table will have the following structure:
Tokens(documentID, tokenID, leftID, parentID, rightID,
treeLevel, prevID, tokenName, tokenValue,
tokenType)

3.

“XpathQuery” table: A dummy table that is used to store
all tokens involved in desired XPath expression. This
table will have the following structure:
XpathQuery(documentID, XpathID,tokenID, TreeLevel,
ParentID, tokenName, TokenValue, TokenType)

 Many applications need highly flexible XML documents
whose structure is not easy to define by DTD or fixed
schema. Therefore, schema-less approach is better to deal
with such XML documents.
 It is not practical to design many candidate relational
schemas for all potential XML data which may have
different XML schema.
Labelling Method
Multi Dimension Links (MDL) are used to maintain the
XML document contents. MDL uses a global labelling
approach that gives labels for XML elements and attributes. A
unique label is given for each element and attribute. The
sequence of label is not essential as [11], [12]. Point out, an
initial pre-order traversing for the XML document is performed
to assign a label for each element or attribute. No re-labelling is
needed for XML document elements and attributes (tokens) in
case of adding new element or attribute. In contrast [11], [12]
and [13]; proved the reverse, all tokens that follow the new
inserted token should be relabelled. In pre-order, post-order
two labels are to be updated. In order to achieve this objective,
MDL uses the following format to identify a token:

Prev.

♦
A

♦

♦

♦

♦
C

♦
B

♦

left sibling

♦

origin

Children nodes
Fig. 1: Multiple linked list over view
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Parent

♦

♦

 Token (tokenID, leftID, parentID, rightID, prevID)
 tokenID is a unique label given to identify each token.
 leftID (Left-sibling) is the tokenID of the preceding sibling
token.
 parentID (Parent) is the tokenID of the current token parent.

♦

♦
D

Right
sibling
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Updating XML Document Contents
Insertion of New Token
This section gives more evidence that the method used in
this model makes insertion time cost of new token, anywhere
in the document, constant; this, one of the main objectives of
the new model is achieved. The insertion process can be
clarified by the following rules:
a. Insertion of a new token to the left of a subtree, left to S1:
1)

2)
3)
4)
5)
6)
7)

The new token T gets a label tokenID following the
maxTokenID in the document. TokenID(T) =
maxTokenID + 1.
RightID(T) = RightID(S1)
LeftID(T) = 0
LeftID(S1) = tokenID(T)
ParentID(T) = ParentID(S1)
prevID(T) = prevID(S1)
PrevID(S1) = tokenID(T)

Fig. 2: A tree representation for XML document

“Tree-bank” document is taken from Washington
benchmark, “Auction documents” from XMark, and “XbenchTCSD-small” and “Xbench-TCSD-normal” from Michigan
benchmark. These documents characteristics are shown in
Table 2.

b. Insertion of a new token to the right of a subtree (right to
S1), insertion of a new token T as a leaf and child of S1 and
insertion of a new token T as a parent of S1 will be the same
as for a but the updating will be for different links and it is
removed due to space limit.

Michigan XML benchmark data sets are used for evaluating
the performance of the model against the complicated
characteristics of XML documents such as depth, fan-out in
“tree-bank” document. Scaling a benchmark data set in the
relational model is done by increasing the number of records.
Scaling in XML, however, can be done by increasing depth,
number of nodes, or fan-outs. The data sets in Table 2 and
Table 1 are used to evaluate the model performance and
usability in both directions, for mapping the documents into
RDB and for rebuilding the mapped documents from RDB.

Fig. 2 gives an overview of inserting new token (i.e.
element or attribute) in the XML document. In the figure, the
new element “subject” is inserted between “author” (labelled
(4, N, 2, 6)) and “title” of label (6, 4, 2, N). The new element is
given tokenID equals to maxTokenID + 1, which is 11. And
the token links are updated as follows:
1)
2)
3)
4)
5)
6)
7)

rightID(subject) = rightID(author)
leftID(subject) =leftID(title)
rightID(author) = tokenID(subject)
leftID(title) = tokenID(subject)
prevID(subject) = prevID(title)
prevID(title)= tokenID(subject)
ParentID(subject) = ParentID(title)

For evaluating the update performance of our model, we
used the set of documents in Table 4. The documents are
created from auction document using XMLgen. We choose
small factor between 0.001 and 0.006 to get small size
document that can be managed by our editor. Many
experiments can be performed to insert new tokens in different
places: In the beginning, in the middle and at the end. They can
also have different relationship with the candidate element such
as parent, child, left-sibling and right-sibling.

As seen from the previous discussion, there is no need for
relabelling the tokens that follow the inserted token "subject".
All tokens' labels in the document remain as they were before
the insertion process. While in [11], [12], [13], all the
following nodes of new inserted element “subject” must be
relabelled, and the cost of relabelling depends on the location
of the new inserted element. The highest cost is gained when
the insertion happens at the beginning of the document, and the
lowest cost is gained when the insertion takes place at the end
of the document.
IV.

The experiments will be done to check the scalability and
effectiveness of our model. Then we will compare our model
with the Global Encoding model [11] and the Accelerating
XPath model [13]. The comparisons consist of three stages:
mapping, building, and updating.

EXPERIMENTS AND THEIR ASSESSMENT

Performance Measurement
 Mapping XML document into RDB execution time.
 Rebuilding of XML document from RDB execution
time.
 Inserting nodes processing time (number of nodes to be
relabelled).
The execution time is used as an evaluation scale in this
research rather than storage space since the former is crucial
nowadays for the users, while storage space is available in a
very huge size with reasonable prices.

Experiment Setup
XML Data Sets Used for Testing the Model
Three XML benchmarks are used to assess the usability and
efficiency of MDL: XML benchmark from Washington
University [18], XMark benchmark [19] and Michigan XML
benchmark [20]. XML document generator XMLgen from
XMark is used to create documents of different sizes using
factors of the original one.

280

Scientific Cooperations International Conferences in Electrical and Electronics Engineering Subjects
5-7 September 2013, Koc University, ISTANBUL/TURKEY

Testing Strategies

TABLE 1: XML DATASETS OF EQUAL DEPTHS* AND DIFFERENT SIZES

Mapping XML Document into RDB Performance
The experiment is performed as follows:

Document
Name

Factor
used

Auction_1
Auction_2
Auction_3
Auction_4
Auction_5

0.1
0.2
0.3
0.4
0.5

Face 1, scalability test: An XML document generator from
XMark [19] is used to create documents of different sizes with
factors of 0.1, 0.2, 0.3, 0.4 and 0.5. The documents
characteristics are shown in Table 1. In this experiment, our
model shows performance in a linear and scalable manner as
document size is increasing. The mapping result over different
sizes of the same document is shown in Fig. 3.

*.

Doc.
Size
(MB)
11.3
22.8
34.0
45.3
56.2

# of
nodes
206130
413111
616229
820438
1024073

Mapping
Time
(Sec)
26.84
54.31
80.45
108.43
136.52

Building
Time
(Sec)
14.14
31.09
48.88
69.00
88.00

Max depth for all documents = 12

160.00
140.00

Face 2, effectiveness test: Three groups of documents of
different sizes 11MB, 82MB and 107MB but with different
structure and different numbers of token are included in this
experiment. Table 2 shows documents properties and their
mapping and rebuilding time. Fig. 4 shows the time required
for mapping XML documents into RDB which consistently
increases as the number of tokens increases in the document.

Time (sec)

120.00
100.00
80.00
60.00
40.00
20.00

Considering the results shown in Fig. 3 for homogenous
documents and those shown in Table 2 and Fig. 4 for
heterogeneous documents coupled with calculating the
correlation coefficient between document size and mapping
time in the two cases r1=0.99988 and r2=0.8751 on the one
hand, and the number of tokens and mapping time in the two
cases r3= 0.99991 and r4=0.9991 on the other hand, we can
conclude that the time required for mapping the document
largely depends on the number of tokens (i.e., elements and
attributes) in the document, the document size and document
depth (r=0.1752) respectively.

0.00
0.0

20.0

30.0

40.0

50.0

60.0

Document size (MB)
Mapping Time(Sec)

Building Time (Sec)

Fig. 3: Mapping time Building time for dataset in Table 1.
TABLE 2: XML DATASET OF DIFFERENT STRUCTURES
Document

Now let us compare MDL model with Global Encoding for
[11] and Accelerating XPath for [13], since the three models
are using the same general number encoding to identify the
XML document of elements and attributes (tokens).

Doc Size
# of
(MB)
Token
11
200358

Auction11
Xbench-TCSD11
small
Auction82
82

The three models use one scan to shred the document
contents, assign an identifier for each token, reserve node
information, (i.e. token name and token value) to store them in
one tuple in RDB. Global Encoding adds another table for
tokens path from the document element passing through until
the candidate token. MDL and Accelerating XPath are similar
in using just one table to store documents contents. Both also
use a stack collection to manage post-order label in
Acceleration XPath and RightID link in MDL.

Tree-bank

82

Auction107
107
Xbench-TCSD107
Normal

283312

# of
Max Mapping Building
XPath depth
(Sec)
(Sec)
12
502
25.50
13.41
8
26
36.75881 17.3946
12

186.7157 141

2437667 168123 36
12
1946203 502

325.2331 150

1485699 502

2757084 26

8

260.3572 200
376.7195 181

Now we can use the results of experiments 1 and 2 for
mapping XML documents into RDB and compare our model
with the other two models.
From Table 3 we can see that MDL and Accelerating
XPath are identical while Global Encoding is closed to the
other two models in homogeneous documents where the
number of paths is small and the gap becomes larger for
heterogeneous documents where the number of paths becomes
very large as in tree_bank document.

Based on previous experiment, one finds that mapping time
mainly depends on the number of tokens in the document.
Based on that, we may consider the following assumptions:
{

10.0

(3)

Rebuilding XML Document from RDB Performance
The experiment is done at different stages as follows:

Where T is the mapping time and tp is the time required to
process the tokens path.

Face 1, scalability test: the auction documents in Table 1
mapped before will be built in this experiment to see the
scalability of MDL in rebuilding XML documents from RDB.

⁄
Where n is the number of tokens in the document and m is
the number of distinct paths in the document.

From the results shown in Fig. 3, we find that our model
performs well for rebuilding the XML document. The time for
rebuilding a document of 11.3MB size is 14.14 seconds and for
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56.2MB size is 88.00 seconds. This shows that the relation
between rebuilding time and document size is approximately
linear as it passes through the origin and is given as follows:

Face 3, Building XML document after the insertion of
elements in three locations:
1. At the beginning of the document.
2. In the middle of the document
3. At the end of the document.

Where t is the time in seconds for rebuilding the document
and s is the size of the document in MB.

Table 4 and Table 5 show results of rebuilding auction
document of several values of n, where n is the number of
tokens in the document. In Table 4, column 3 shows the time
required for rebuilding the documents before any update,
column 4 after inserting a token at the beginning of the
documents, column 5 after inserting at the middle and column
6 after inserting at the end of the documents. Table 5 shows the
difference between the required time for rebuilding the
document after inserting in the defined location and the
rebuilding time of the original document and the percentages of
that difference.

Face 2, effectiveness test: The same sets of documents
from Table 2 are also used to check the ability of MDL in
dealing with different XML document types. The documents
are grouped by size and every two have the same size.
From the experiments done and results shown in Table 2, it
can be concluded that the time of rebuilding the document is
influenced by the number of tokens formulating the document
because two documents of the same size need different
amounts of time for rebuilding.

The averages of percentages are different. The cost of
rebuilding the document depends mainly on the location of
inserting the new tokens. The cost decreases from 1.24*t at
location L1 to t at location L3, where L1 denotes token number
2 and L3 denotes token number n + 1, and t represents the time
required for rebuilding the original document before any
insertion.

From the results shown in Fig. 3 for homogenous
documents and results shown in Table 2 and Fig. 4 for
heterogeneous document, and after calculating the correlation
coefficient between document size and rebuilding time (r1=
0.998795203, r2= 0.926455747), and number of tokens and
rebuilding time (r3= 0.999311324, r4= 0.308485455), we can
conclude that the time required for rebuilding the document
mainly depends on the document size, the number of tokens
(elements and attributes) that exist in the document and the
document depth (r= 0.214860654) respectively.

Next, we will compare our model with the models of [11]
and [13]. The comparison will be based on the rebuilding
document cost in time (BDCT) and the cost in time of inserting
a new token (element or attribute) (ITCT). The comparison will
make use of the discussion above. In the following results, we
will give the expected value of the BDCT and ITCT for the
models under study.

400
350
Times (sec)

300
250

Theorem-1:

200
150

(a) Under the following assumptions:

100

1- We will assume that the locations of insertion have the
same probability,

50

[

0
0

500000 1000000 1500000 2000000 2500000 3000000

2- We will assume that the time decreases from 1.24*t at
location 2 to t at location n+1 uniformly, i.e.

Building (Sec)

P[Y= 1.24 – [0.24*(y-2)/(n-1)]*t] = 1/n, y= 2,3 … n+1

Fig. 4: Mapping time and Building time for documents in Table 2.

# of
Token

# Different
path

M-MDL

M-Accel

M-Global

11

200358

502

25.4965

25.4965

25.56038

11

283312

26

36.7588

36.7588

36.76218

82

1485699

502

186.7157

186.7157

186.77879

107

1946203

502

260.3572

260.3572

260.42436

82

2437667

168123

325.2331

325.2331

347.66404

107

2757084

26

376.7195

376.7195

376.72305

(7)

Where Y denotes the time required to build the document
after inserting a new token at position y, we have:

TABLE 3: MAPPING TIME FOR MDL, ACCELERATING XPATH AND GLOBAL
ENCODING IN SECONDS
Doc. Size
(MB)

⁄

where X denote the location of insertion.

# of tokens

Mapping (Sec)

]

E11=EMDL[BCDT] = 1.24*t – 0.12*t (n-1)/n

(8)

(b) E12 = EBlobal[BDCT] = t

(9)

(c) E13 = EAcc[BDCT] = t

(10)

where Emodel denotes the expected value of BDCT under the
model. The Proof of Theorem 1 removed due to space limit.
For E12 and E13, in both cases the tokens there are sorted in
sequential order and the time needed for building the document
is equal to t.
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Remark: the motivation of the assumptions 1 and 2 in the
theorem are based on the experiment results in Table 4 and
Table 5.

c) For E23, since there is a need to update the pre-order and
post-order label, the cost of update will be double the cost of
update one of label after insertion of a new token.

Updating Performance
To evaluate our model updating performance, the
experiment is performed as follows:

Remark: the motivation of the assumptions 1 and 2 in the
theorem are based on the experiment results in Table 4 and
Table 5.

a. Inserting a child node in different location in the
document and at different levels.
b. Inserting a preceding-sibling (i.e. before) node in
different locations in the document and at different
levels.
c. Inserting a following-sibling (i.e. after) node in different
locations in the document and at different levels.
d. Inserting a parent node in different location in the
document and for different levels.

Model Analysis and Comparison
We will compare the models, MDL, Global encoding and
Accelerating XPath using the total expectations of the cost of
building the document (BDCT) and the cost in time of insertion
of a new token (ITCT) (whose expression are given in
Theorems-1 and Theorem-2) as follows:

Table 6 shows the time in seconds needed to process the
inserting nodes. The figures in the table show that the number
of tokens has an influence on the processing time wherever the
insert on process occurs, in the beginning of the document, in
the middle or at the end. For cases of inserting a token as a
child or before (i.e. left-sibling), the time cost is constant, but
for the other two cases, parent and after (i.e. right-sibling), the
cost is variable. For the parent node since we have an identifier
for token level in the document, all descendant nodes tree level
should be updated (i.e. incremented by 1). While for after
nodes (right-sibling) we should look at descendant nodes for
the proper PrevID link for the new node. That means, there is
an increase in the cost of insertion time depending on the size
of the candidate node (i.e. number of descendant nodes) for the
two cases.

E3 = E13 + E23 = t + (t1 n + t0/(n+1))

(18)

TABLE 4: BUILDING TIME AFTER UPDATE FOR ACUTION DOCUMENT*

Where Z denotes the time required to insert the new node at
position z, we have:
E22 = EGlobal[ITCT] = t1 n/2 + t0/(n+1)
(13)

(15)

(17)

From Table 7 and Fig. 7 we can see that our model MDL
outperform the two models for the total expectation time. And
the difference becomes large for a large number of tokens n.

where X denotes the location of insertion.
2- We will assume that the time decreases from n*t0 at
location 2 to t0 at location n+1 uniformly, i.e.
P[Z= t0 [n – z + 2] = 1/n, y= 2,3 … n+1,
(12)

(c) E23 = EAcc[ITCT] = t1 n + t0/(n+1)

E2 = E12 + E22 = t + (t1 n/2 + t0/(n+1))

In Table 7, we calculated the total expectation time for
building XML documents from RDB and for inserting new
tokens in different positions in the document with probability
1/n, where n the number of tokens in the document. E1, E2 and
E3 which is the total expectation time for MDL, Global
Encoding and Accelerating XPath respectively.

(a) Under the following assumptions:
1- We will assume that the locations of insertion have the
same probability,
P[X = x] = 1/n, x = 2, 3 … n+1
(11)

(14)

(16)

Where t denotes the time in seconds required for building
the document, t0 denotes the time in seconds required for
inserting the new token, t1 denotes the time required to update
the label.

Theorem-2:

(b) E21=EMDL[ITCT] = t0

E1 = E11 + E21 = 1.24 t – 0.12 t (n-1)/n + t0

Insertion Location

Doc.
Size (KB)

# of
Tokens

Before
insertion

Begin

Middle

End

115

2086

0.1256

0.1598

0.1384

0.12623

210

3684

0.2264

0.2759

0.2474

0.22581

318

6284

0.3854

0.4799

0.4341

0.37913

457

7957

0.4963

0.6134

0.5671

0.49238

567

10492

0.6419

0.8116

0.7307

0.64538

682

11911

0.7295

0.8924

0.8245

0.73666

*.

DOC. SIZE OF AUCTION DOC. FACTORS FROM 0.001, 0.002, … 0.006 USING XMLGEN

TABLE 5: DIFFERENCES IN BUILDING TIME
Differences
Middle
L2

End
L3

0.01281

210

0.03425
0.04950

318

0.09450

457

Doc.
Size
(KB)

where Emodel denotes the expected value of ITCT under the
model.

b) For E21, since there is no relabelling needed after insertion
of a new token, then, the cost of inserting a new node is equal
to t0.
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Percent
Begin

Middle

End

0.00067

27%

10%

1%

0.02100

-0.00056

22%

9%

0%

0.04869

-0.00631

25%

13%

-2%

0.11719

0.07088

-0.00388

24%

14%

-1%

567

0.16969

0.08875

0.00344

26%

14%

1%

682

0.16291

0.09497

0.00716

22%

13%

1%

115

The Proof of Theorem-2 removed due to space limit.

Begin
L1
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TABLE 6: TIME COST OF INSERTION OF A TOKEN IN DIFFERENT LOCATION
Insert Location (time in Sec)

Location in
Doc.

Parent

Child

Before

After

In-Beginning

0.046875

0.015625

0.015625

0.015625

At-Middle

0.015625

0.015625

0.015625

0.015625

At-End

0.015625

0.015625

0.015625

0.078125

In-Beginning

0.0625

0.015625

0.015625

0.03125

At-Middle

0.015625

0.015625

0.015625

0.015625

At-End

0.015625

0.015625

0.015625

0.015625

In-Beginning

0.046875

0.015625

0.015625

0.03125

At-Middle

0.0625

0.015625

0.015625

0.015625

At-End

0.015625

0.015625

0.015625

0.015625

For a future research, since multi dimension links are used,
an optimization of labels sizes may reduce the size of “Tokens
Table” and indexes used for these links. Other performance
measurement for evaluation will be considered such as
querying and retrieving, storage space and mapping accuracy.

# of
token
in Doc.
2086
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3684

[2]
6284

[3]

TABLE 7: TOTAL EXPECTATION TIME FOR BUILDING AND INSERTING TOKENS
FOR THE THREE MODELS (IN SEC)
n

t0

t

t1

E1

E2

E3

2086

0.015625

0.1256

0.00488

0.15882

5.21734

10.30907

3684

0.015625

0.2264

0.00488

0.27373

9.21870

18.21099

6284

0.015625
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0.00488

0.45499

15.72405

31.06270

7957

0.015625
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0.00488

0.58142

19.91858

39.34086

10492

0.015625
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0.00488

0.74740

26.25188
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0.015625
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0.00488
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Abstract—In this paper, we proposed a pattern-based
architecture for real-time data warehousing systems. We detailed
functions of components and their realizability in the architecture
by means of design patterns and we illustrated the solution
proposed for prescription medical data warehouse. We also
highlight the advantages induced by of the used patterns in the
architecture.
Keywords—real time data warehouse, design patterns.

I.

INTRODUCTION

To influence what should happen next, the enterprise data
warehouse needs to know what is happening right now.In the
real time enterprise (or “zero latency” organization), data
coming from data bases is processed and transmitted quickly
enough so that decision makers can successfully evaluate and
act on it [1].This has led to the development of specialized
techniques named real-time data warehouses. Real-time data
warehouses are characterized by continuous, asynchronous,
multi-point delivery of data providing the user with the most
up-to-date information possible. Almost, immediately after the
original data is written, that data moves straight from the
originating source to the data warehouse [10].
The main advantages of real-time warehouses are updated
decision-making, faster decisions, and feeding real-time
dashboard of the company.
The ability to access meaningful data in a timely, efficient
manner through the use of familiar query and analysis tools is
critical to realizing competitive advantages.
The work presented in this paper concerns the pattern-based
modeling of real-time data warehouse architecture.
The main advantages of design patterns for the designs of
architectures are: a clear concept, effortless understood and
relatively easy, simple integration of anew existing components
and lower maintenance costs.
We describe this article; the important sides related to the
construction of real-time data warehouse, the architecture of
data model modeled based patterns and process food.
Some architecture for data warehousing systems has
published in the literature [7] [5]. Sharma has proposed 3-tier
architecture [11]. The types of known architectures for the real
time data warehouse are:
- Flow regulators between the source and the Data
Warehouse A Warehouse Flow Regulator orchestrates
the propagation of data from the source to the
warehouse.
- Real-time partitions (RTP): by maintaining two
versions of the star schema representing a data
warehouse. One version should be static and the other
285

-

at real time, according to their population. And
periodically fills (in short periods of time) the static fact
table before being emptied.
Fast transformations via Capture-Transform-Flow
(CTF) processes. CTF solutions move operational data
from the sources apply light-weight transformations
and then, organize the data in a staging area. After that,
more complex transformations are applied (triggered by
the insertions of data in the staging area) and the data
are moved to a real time partition and from there, to
static data stores in the data warehouse.

Compared with them, the real-time architecture we
propose is completely modeled by means of design patterns. In
our case, we have adopted a highly decoupled layered
architecture but we have integrated a pattern-based modeling.
We’ll concern mainly to build the data model, then the
operational data bases to the model that represents the datawarehouse data and that conceptually and logically, we
describe our technique that is based on design patterns and our
choice of methods where by data from the databases will be
extracted, transferred over the network to be adapted and
eventually integrated into the warehouse to be used by decision
makers.
In the paper, we propose an efficient and flexible
architecture for real-time data warehouses. This architecture is
presented conceptually with detail. Then, we describe the flow
throughout the architecture. We give detailed description of the
functions of the components of the architecture. We examine
the advantages of the architecture based on functions of each
component and the design patterns used for its modeling.
In the designing of the architectural components, many
reusable design patterns are used. These patterns are Mediator,
Adapter, Wrapper, Singleton, and the Observer [4]. These
reusable and well-defined patterns help the producing of a
robust architecture.
The proposed architecture (see “Fig. 1”), is based on a
layered approach to clearly deﬁne the responsibilities and
services of each distinct class of components. The clear
advantages of this layering are modularity to allow for
maximum development and maintenance flexibility,
interoperability, the ability to communicate easily with other
systems and integrability, the ability to upgrade the system with
new functionalities without major changes to the overall
architecture. The following sub-sections will discuss each layer
in greater detail.
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One of the aims of this project is its using for the
implementation in Java [6] of a data-warehouse for
representing the relevant information associated with the
clinical handling of patient affections of a concrete pathology:
disease, diagnosis, treatment, drugs prescription and planning,
and the history of patient assistance [9].
The remainder of the paper is organized as follows: In
Section 2, we provide an overall view of the components-layers
of the proposed architecture. Section 3 gives a detailed
description of the components of this architecture with
reference to our implementation of this model, the patterns used
for their modeling, and their advantages based on design
patterns. We conclude in Section 4 with a summary and plans
for future work.
II.

ARCHITECTURE

In this section, we propose modular layered pattern-based
architecture for real-time warehousing systems.
Data warehousing is all about capturing information about
the organization. Real-time implied that it is captured as it
happens. Real-time decision support is a framework for
deriving information from data as soon as it becomes available.

In addition to detecting events, an event system should
provide facilities for notification and storage of the event.

The conceptual level of the architecture is shown in “Fig. 1”
which includes components of data sources and extraction
components, the data integrator, the warehouse storage, the
queering analyzing and reporting tools. The data sources supply
data for the data warehouse. Data stored in the warehouse is
then accessed by OLAP operators, processed in a
multidimensional way, and supplied to the users to be analyzed.

Fig. 1. Architectural Layered Components.

The architecture, we propose, is compound of four layered
sections: extraction section, data flow section, storage section,
and front-end section.
Using the Observer pattern we have positioned change
tracking inside methods that are executed inside the source
database when a table change occurs, and defined updating
observers that process the event. This provides a real-time copy
of the transactional data to the data warehouse without
introducing staging areas.
Changes frequently involve several data stores at one time.
For example, when a data is created, updated, it involves the
updating of the corresponding table in the data warehouse side.
The design of the architecture components uses a set of
good object-oriented design patterns that allow developers to
extend functionalities and features easily.
The proposed architecture is layered and is modeled by a
transformed highly decoupled version of the Layered pattern
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[2], in with relations between layers are modeled by the
Observer/Observable design pattern (See “Fig. 2”).

Fig. 2. A highly decoupled Layered Design Pattern.

The extraction layer contains the data of data bases and the
extraction system. In our solution we propose an extractor
based on a wrapper for each data source, and event listeners of
updated data. The data flow section is a client/Server
component responsible for transferring of updated or inserted
data by the extraction section in real time for the storage section
of the data warehouse. The storage section contains the
integrator and the warehouse storage component. The front-end
section includes the client requests, analyze, and visualization
components.
Queries in the front end are started by decision maker users.
They are transformed and divided into data requests and sent to
the analyze component, that automatically update the views of
the visualizing component.
Systems integration of information-based mediators[3]
stand out: first, how is established correspondence between the
global schema and the schemas of data sources to integrate, the
other by the languages used to model the overall pattern,
patterns of data sources to integrate and user requests.
On our side, for the mediation layer, we modeled the basic
component relational schemas, in this case the table by a
general abstract classDBTable (See “Fig. 7”) to meet with the
classDB (See Fig.8) to a general interface producing a very
simple query language that provides the user (See Tab. 2).
Global query in this general queering language, formulated
by the data base users, is sent to the mediator, which in turn,
converts it to a set of sub queries for the wrapper of individual
schemas of the local sources.
Data at the back-end flows from the data sources, as a result
of insertions or updates, to the extraction component. The data
is then transmitted across the data flow component to the
integrator of the storage component. The data is filtered and
transformed in the integrator in uniformed formats of the data
warehouse.
The integrator, situated in the warehouse side, cleans the
data, conciliates the conflicting data from different sources,
integrates and aggregates data from related sources and sends
the results to the storage component.
The data residing in the warehouse storage component can
be used by the front-end component to initiate view or to
refresh views of the visualizing component based on the query
types of the queering component or the analyze component
(OLAP server, etc. …).
The proposed solution reduces development costs and
above-tenance of the warehouse.
Ultimately, this remedial work to add bricks to the system
more flexible and give without breaking the flexibility,
modularity, and scalability that requires a good design.
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In the next section, we describe the function of each
component by highlighting the advantages of the design
patterns used to that end.
III.

DESCRIPTION OF THE ARCHITECTURE

In this section, we detail the functions of warehouse
components and analyze their advantages in the architecture
being modeled by means of patterns.
A. Extraction components
The functions of extraction components are to extract up to date
data from data sources and to maintain data in warehouses so
that it is always consistent with data sources.
The solution adopted for the uniform treatment of requests
for tables is the Mediator.
Real time notification can take a variety of forms.
Our solution is based on the earphones of requests for
updates and integration, achieved through the Observer design
pattern.
For modeling the extraction component, we propose four
elements: a mediator, wrappers, listeners, and data sources.
A Mediator receives local language queries
from the data base user interfaces, translates them into
a queering local language (See Tab. 2) and sends them
for the wrapper of each data base.
A Wrapper receives local language queries
from the Mediator, translates them into SQL language,
and sends the local queries to the data source to be
evaluated. Then the wrapper receives queried data
from the data source, filters out the unrelated data
items, and transforms the data into uniformed formats
of data warehouses. The wrapper is made around the
class DB and the class DBTable (See “Fig. 7” and
“Fig. 8”) that will allow the adoption of a general
interface for operations to create, insert, delete and
update tables relational. So these classes will allow
adapting the basic operations for processing relational
DBMS tables. DBTable class is an abstract class. We
can say that it is a virtual table that will allow all
operations to adapt the tables to a physical relational
data base through a common interface making
operations.
A Listener detects update of a base relation
in a data source and notifies the data flow component
of this update. The update is then propagated, by the
listener, through the wrapper to the data flow
component who will transmit it in return to the
integrator (See “Fig. 4”).
To detect the update, the Listener has been modeled with the
Observer design pattern [4].
A data source answers queries from the
wrapper, returns the required data.

Fig. 3. Diagram of the data flow with associated patterns.
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B. Data Flow Component
The Data Flow Components models the transfer of data and
controls the access of the data in the warehouse storage, and the
simultaneity of the transfer.
We have modeled by a Client-Server architecture adapted, in
which the client receives all that passed through the server, and
the
Observer
Pattern.
The DBclass is observed [6] Class SocketServer order to
inform them of any changes made in the source tables. It is
designed as a singleton at the same time (See “Fig. 3”, “Fig. 7”
and “Fig. 8”).
C. Storage components
Data warehouses store the integrated, summarized,
historical, and non-volatile data used for decision support. The
structure of DWs is based on a multidimensional view of data
usually represented as a star or a snowflake schema, consisting
of fact and dimension tables.
A fact table contains numeric data called measures.
Dimensions contain attributes that allow exploring measures
from different perspectives.
This layer consists of two main components this component
is modeled by two main components: the integration
component [8], and the storage component.
At the logical level the basic unit of storage model is the
table as in the relational model.
The integrator in a data warehouse performs data cleaning
and transformation before loading data in the storage schema
tables.
The integrator receives inserted or updated data in data
bases from the data flow component, filters out the unrelated
data items, and transforms the data into uniformed formats of
data warehouses. The integrator has been achieved through
Observer and Mediator design patterns [4] (See “Fig. 9”).
The component storage is achieved by the tables that are the
basis of known patterns of data warehouses. For purposes of
simplicity, our architecture, we have favored the establishment
classical model is to consider a star.
D. Front-end components
Front-end components supply user-friend queering
interface, abundant tools and applications for functional
analysis and data visualizing. Querying is the process of getting
data from a data store, which satisfies certain criteria. Here is
an example of a simple query: “Patients with blood group O-?”
(See “Fig. 5”). Reporting is retrieving data from the data
warehouse and presents it to the users. The reports display the
data required by the business user to analyze and understand
business situations. The most common form of report is a
tabular form containing simple columns.
The front-end component comprises the following components:
- Queering component contains applications for query
specification, accepts and processes queries from
client applications and puts data request to the
warehouse analyze component. This component is
actually modeled by pre-existing general queries
updating related views of the visualizing component.
Analyze component contains applications for data
analysis, data mining, trend forecast. Various frontend tools such as spread sheets, pivot tables, reporting
tools, and SQL query tools to retrieve and analyze the
data. An analysis server is a way for analysts and
policy makers to navigate, drill, explore the data
warehouse. For navigation and data mining tools are
certainly the most suitable tools OLAP with all their
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potential in the inter section of data, however, this
component has not yet been achieved, we have
currently opted for pre-registration search queries
made by the maker, and we have achieved through
SQL queries (See “Fig. 5” and Tab. 1). On
visualization tools, which are important for the
presentation of results or the discovery of new data,
but never the less, remain in the field of research, once
their achievability is identified, they can easily be
integrated with the boss Observer this layer is for users
of the warehouse. It allows you to query and retrieve
the query results. In our work, the request of a user by
the Wrapper will be converted in to an equivalent SQL
query defined in the schema, and
Visualizing component contains applications for
report formatting. On visualization tools, which are
important for the presentation of results or the
discovery of new data, but never the less remain in the
field of research, and that once their achievability is
identified, they can easily be integrated with Observer
pattern.

Fig. 5. Queering and Report for a decision-making.

TABLE. 1 –EXAMPLE SQL QUERY.

IV.

CONCLUSION

The data warehouse at real time has become popular in
recent years, predominantly due to a growing wish to have the
latest information as possible to beat the competition. A realtime data warehouse aims at decreasing the time it takes to
make the business decisions. In fact, there should be minimized
latency between the cause and effect of a business decision.
Fig. 4. Patterns on the basis of components of the architecture.

E. Advantages of the architecture
An apparent advantage of real-time data warehouse that
there is no need to reconcile differences between source
applications and the warehouse. A data warehouse that doesn’t
appear to be always up to date tends to lose the confidence of
the users.
Since data warehouses and related tools are continuously
evolving, it is important to have an adaptable architecture
which can scale well with changes. A pattern-based layered
architecture is best adapted for reusability and extendibility
ends.
The combination of three patterns Mediator-AdapterObserver lets us to realize the extraction component. The realtime integration was realized by means of the Observer pattern.
We have modeled the data flow component by using
client/Server architecture and the Singleton and Observer
patterns. The visualizing tools, as views, are modeled by means
of the Observer pattern. The Wrapper supports the extendibility
of back-end, and the Observer highly decouples the layers both
offering the ability for easy modifiability and expanding of the
system

288

The work presented in this article concerns the patternbased architecture modeling of real-time data warehouses. Our
objective is to be able to generate a layered architecture
composed of several modules modeled by means of design
patterns.
We have modeled and the most complex components of the
architecture. The resulted architecture must provide
warehousing systems with generality, extendibility, and
reusability. We have effectively used this architecture for
modeling and implementing a real-time data warehouse based
for storing medical data prescription. The final objective of the
project is to integrate up to date heterogeneous data from
various domains as medicine, biology, and imaging. Future
trends could revolve round, generalizing this model to include
other patterns. The OLAP tool must be added in the nearest
future. Moreover for generality, other characteristics could be
added to the architecture to make generalized architecture for
all types of real-time warehouses.
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TABLE. 2 –EXAMPLE OF LANGUAGE OFFERED BY THE MEDIATOR
THROUGH THE DB CLASS.

Fig. 9. The warehouse storage component and its associated patterns.
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