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ABSTRACT

DESIGN OF ROBUST POWER SYSTEM STABILIZER FOR SINGLE
MACHINE INFINITE BUS SYSTEM USING MODERN CONTROL
APPROACHES

Issa Yousf Said ALi
PhD in Modeling and Design of Engineering Systems (MODES)
Supervisor: Assist. Prof. Dr. Bülent İrfanoğlu
Co-Supervisor: Prof. Dr. Sedat nazlibilek

Jan 2019, 114 pages

Due to the rapid growing demand for electricity, power systems nowadays have become
operating nearer to their stability limits which cause a lot of instability problems and could
potentially result in serious technical challenges. Since the Conventional Power System
Stabilizer (CPSS) is the most commonly used controller in power systems, many
techniques have been proposed in the last few years aimed to improve the performance of
conventional power system stabilizer using some intelligent optimization algorithms such
as Genetic Algorithm, Fuzzy Logic, Particle Swarm and others. However, although local
optimization can be achieved to a satisfactory degree by setting the stabilizer parameters
in optimal way, the robustness of the stabilizer is still in doubt and it may not guarantee
good performance when the operating point changes or some unexpected disturbance
occurs. This dissertation presents an application of two types of modern robust control
strategies on power system in order to improve system dynamic stability. Those two
control strategies are Active Disturbance Rejection Control (ADRC), and Feedback Error
v

Learning Control (FEL). The first proposed controller which is ADRC algorithm has an
advantage that makes the power system more robust against wide range of troublesome
disturbances that commonly encountered in such systems. The most important feature of
ADRC approach is that it requires little information from the plant model forasmuch
‘under certain circumstances’ the relative order of open loop transfer function information
is quite sufficient to design a robust controller. The second is FEL controller which
employs the Artificial Neural Network (ANN) technology in framework of feedback error
learning control strategy to enhance dynamic stability of the system. The nature of
structural configuration of FEL controller, which combines a conventional power system
stabilizer and a neural network, makes it powerful controller includes the well-known
advantages of CPSS with the additional features of artificial neural networks like
adaptation and nonlinearity. The proposed ADRC and FEL controllers have been
developed in this study for a power system consists of Synchronous Machine connected
to an Infinite Bus (SMIB) through external reactance under small disturbance. The
effectiveness of both ADRC and FEL have been verified by comparing both of them with
an optimally tuned conventional power system stabilizer. Moreover, the comparison has
been done between the proposed ADRC and FEL control strategies under wide range of
operating conditions. All tests and case studies have been conducted under Matlab
Simulink environment. The simulation results showed that the proposed control schemes
ensured high performance and system stability with presence of different types of loading
conditions especially at some critical operating points where the conventional stabilizer
had failed.
Keywords: Active Disturbance Rejection Control (ADRC), Artificial Neural Network
(ANN), Feedback Error Learning (FEL), Low Frequency Oscillations (LFO), Power
system stabilizer (PSS).
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ÖZ

MODERN DENETİM YAKLAŞIMLARI KULLANAN TEK MAKİNALI
SONSUZ BÜS SİSTEMİ İÇİN GÜRBÜZ GÜÇ SİSTEMİ KARARLILAŞTIRICI
TASARIMI

Issa Yousf Said Ali
Doktora, Mühendislik Sistemlerinin Modellenmesi ve Tasarımı (MODES)
Tez Yöneticisi: Dr. Bülent İrfanoğlu
Ortak Tez Yöneticisi: Doç. Dr. Sedat Nazlıbilek

Ocak 2019, 114 sayfa

Elektriğe olan talebin hızla artması nedeniyle, günümüzde güç sistemleri çeşitli kararsızlık
sorunlarına neden olan ve potansiyel olarak ciddi teknik zorluklara yol açan kararlılık
sınırları yakınında çalıştırılmaktadır. Konvansiyonel Güç Sistemi Kararlaştırıcıları
(KGSK) güç sistemlerinde en yaygın kullanılan denetleyiciler olduğu için, konvansiyonel
güç sistem kararlaştırıcılarının performansını artırmak için son yıllarda Genetik
algoritmalar, bulanık mantık, partikül sürüsü gibi bazı akıllı optimizasyon algoritmaları
kullanan pek çok teknik önerilmiştir. Ancak, kararlılaştırıcı parametrelerinin optimal bir
şekilde ayarlanması vasıtasıyla tatminkar bir derecede yerel optimizasyon sağlanabilmiş
olmasına rağmen, kararlılaştırıcıların gürbüzlüğü halen kuşkuludur ve çalışma noktası
değişiklikleri ve bazı beklenmeyen bozucu etkiler vukuu bulduğunda iyi bir performans
garanti etmeyebilmektedir. Bu tezde sistemin dinamik kararlılığının artırılması için güç
sisteminde modern gürbüz denetim stratejilerinin iki türünün bir uygulaması
sunulmaktadır. Bu iki tür denetim stratejisi Aktif Bozulum Dışlama Denetimi (ABDD) ile
vii

Geribesleme Hata Öğrenme Denetimi (GHÖ)’dir. İlk önerilen denetleyici olan ABDD
algoritması, bu tür sistemlerde yaygın olarak karşılaşılan sorun yaratıcı bozucu etkilere
karşı güç sistemini daha gürbüz kılan bir üstünlüğe sahiptir. ABDD yaklaşımının en
önemli özelliği, bazı şartlar altında sistem modeli hakkında çok az bir bilgi
gerektirmesidir. Gürbüz bir denetleyici tasarımlamak için açık döngü transfer
fonksiyonuna ait bir bilgi oldukça yeterli olmaktadır. İkinci denetleyici olan GHÖ
sistemin dinamik kararlılığını artırmak için geribesleme hata öğrenme denetim stratejisi
çerçevesinde Yapay sinir Ağı (YSA) teknolojisi kullanan bir denetleyicidir.
Konvansiyonel güç sistem kararlılaştırıcısı ile sinir ağını birleştiren GHÖ denetleyicisinin
yapısal konfigürasyonunun doğası, onu, yapay sinir ağlarının adaptasyon ve
doğrusalsızlık gibi ilave özellikleriyle birlikte, KGSK’nın iyi bilinen avantajlarını içeren
güçlü bir denetleyici kılar. Bu tez çalışmasında önerilen ABDD ve GHÖ denetleyicileri
küçük bozulmalar altında harici bir reaktans üzerinden Sonsuz Büs’e bağlı Senkron
Makinadan ibaret bir güç sistemi için geliştirilmiştir. Hem ABDD ve hem de GHÖ’nün
etkinlikleri her ikisinin de optimal olarak akordlu konvansiyonel güç sistem kararlaştırıcı
ile kıyaslanmasıyla doğrulanmıştır. Ayrıca, bu kıyaslama önerilen ABDD ve GHÖ
denetim stratejilerinin geniş bir çalışma koşulu aralığında yapılmıştır. Tüm testler ve
durum çalışmaları Matlab®Simulink® ortamında icra edilmiştir. Simülasyon sonuçları
önerilen denetim yöntemlerinin farklı yüklenme koşulları varlığında özellikle de
konvansiyonel kararlaştırıcıların başarısız kaldığı bazı kritik çalışma noktalarında sistem
kararlılığı ve yüksek performans sağladıklarını göstermiştir.
Anahtar Kelimeler: Aktif Bozulum Dışlama Denetimi (ABDD), Yapay Sinir Ağı (YSA),
Geribesleme Hata Öğrenme (GHÖ), Alçak Frekans Salınımları (AGS), Güç Sistemi
Kararlılaştırıcı (GSK).
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CHAPTER 1

INTRODUCTION

1.1

Background

Power systems are designed to generate and deliver electricity in a secure
and economic manner to consumers and provide continuous power supply that maintains
voltage stability. However, the continuous increasing demand for electricity in addition to
some important characteristics that the operators are keening to be existing in modern
power systems such as exploiting diversity of the system load, Sharing of generation
reserves, and the use of large efficient units without sacrificing reliability leads modern
systems to be large, complex, and nonlinear systems. As a result, these systems become
more sensitive and highly influenced by any kind of disturbances such as continuous load
change or sudden change in mechanical power given by the prime mover.
Power systems as shown in Fig 1.1 generally divided into four subsystems that include
generation, transmission, distribution, and customers.

1

Figure 1.1: Main parts of typical power system

In the generation stage, the electric power is generated mostly by using Synchronous
Machines (SM). Then in the transmission stage, the voltage level is stepped up by
transformers before the power is transmitted in order to reduce the power transmission
losses. Finally, the voltage is stepped down using transformers in order to be distributed
in distribution stage according to the demand of consumers.
Stability of power system generally categorized as Steady-State or small-signal stability
and transient stability. Small-signal stability is the ability of power system to recovered
back to its steady state after being subjected to small disturbances such as small variations
in loads and generations without losing synchronism whereas transient stability defines
the ability of power system to maintain synchronism against large perturbations such as
system faults and transmission line outage [1-2].

2

1.2

Concept of small signal stability

For purpose of properly understand and effectively deal with power system instability
problem, some simplifying assumptions are needed to analyze specific types of such
problem. Analysis of power system stability using an appropriate degree of detail of
system representation is greatly facilitated by classification of power system stability into
various categories.
Many factors contribute to classification of power system stability which influences the
prediction as well as the calculation of stability such as devices, size of considered
disturbance, physical nature of the resulting mode of instability, and the time span to
retrieve stability.
Generally, power system stability is classified into three major categories as follows [1]:
1- Frequency stability which divided into short term and long term.
2- Voltage stability which categorized into large and small disturbance voltage stability.
3- Rotor angle stability which includes small disturbance angle stability or (small signal
stability), and transient stability.
Small-signal oscillations in a synchronous generator while connected to a power system
that serves geographically vast areas cause a concern for many years because the
extension of transmission lines for long distances makes the system weak and at the same
time reduces load ability of the power system especially during heavy loading cases.
Generally, it could say that the stability depends upon the system operating conditions
(loading) so, any increase in the load can cause of instability. This shows the importance
of ensuring system stability even under high loading conditions hence the need of small
signal stability at all times.

3

The most important component of power systems is the synchronous machine and more
details about the concept of stability of this machine while affected by excitation system
under small signal disturbances can be found in[3,6]. Small disturbances mostly caused
by random fluctuations in some parameters of the power system which may excite system
oscillations. These oscillations are also known as low frequency oscillations because their
frequencies are relatively low (< 3.0 Hz) comparing to the operating frequency of the
power system (50/60Hz) [4].
The main reasons for small signal instability can be summarized as follows [5]:
1. High gain and fast acting of the exciter.
2. Transferring of heavy power to the consumers over long transmission lines.
3. Weakness of control on subsystems such as excitation systems, HVDC converters and variation compensators [7].
4. Undesired interaction of electrical and mechanical systems such as shaft torsion
mode oscillations.
The main purpose of small signal stability analysis is to develop insights into the effects
of voltage regulator, excitation systems and system stabilizer on rotor speed and rotor
angle of the generator. The linearized model of the system is widely used for investigating
problems associated with the small-signal oscillations where the power system
characteristics are always determined through a certain operating point.

1.3

Statement of the problem

Many distributed control schemes are applied to local power systems, such as Power
System Stabilizer (PSS), Automatic Voltage Regulators (AVR), speed governors, and
some protective relay systems. These controllers are added to excitation systems in order
to enhance the damping during low frequency oscillations that may occur due to any
change in grid load or in power generation, which leads to create a temporary imbalance
between power generation and power consumption within the grid. The major purpose of
4

researches dealing with design of PSS for synchronous generator is to assure damping of
power system oscillations under various operation conditions. These operating conditions
can vary over a wide range and may cause loss of synchronism. Consequently, several
control methods have been employed with regard to enhance system stability. The basic
mechanism of damping remains as the production of damping torque in synchronous
generators through the use of appropriate field excitation. This excitation comes from a
supervisory PSS.
The need for robust design dictated by power system properties as well as operating
conditions which are continually changing. These can be summarized in questions such
as:
1. What are the possible operating conditions?
2. Where are the load centers?
3. Where are the generation areas?
4. Are the power flow directions always the same?
Here there is an obvious need for a robust controller that can handle several different
operating conditions. Robustness means the ability of the controller to adapt and overcome
the technical hitches faced by conventional controllers in nowadays power systems that
caused by uncertainty and some are listed below.
a) Different load flow patterns and load characteristics, such as voltage and
frequency dependence, that might vary with seasons and time of day.
b) Uncertainty in the topology (structure) of the power system i.e. some plants,
lines or transformers might be taken out for maintenance.
c) The dynamic model of the power system always has some level of parameter
uncertainty since some of these parameters are related to design, such as
generator time constants.
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d) Other parameters such as parameters of AVR, PSS, and turbine governor are
tunable parameters that are easy to change. Even if these parameters have been
identified, there is always a risk of subsequent modification without
updating the model.
e) Some parameters change slightly during operation. For example, line
resistance is temperature dependent and Load-Tap-Changers (LTC) can
change the nominal transformer ratio.
Ultimately, the power system should be robust to unexpected variation in disturbance
amplitude and operating conditions since power oscillations are often triggered by an
initial disturbance that can give a range of possible input amplitudes or operating
conditions to the system.
The robustness measure of performance that must be addressed when designing a power
system damping controller can be included within the following performance and stability
criteria:
1- Maintaining of an acceptable damping ratio even at the critical operating
conditions.
2- The oscillations caused by unexpected disturbances must settle within a desired
specific time at all possible operating conditions.

1.4

Literature Review

It is well known in the field of engineering of rotary electric machines that the excitation
system provides direct current to the synchronous machine field winding. In addition, it
plays an essential role to the performance of the power system by controlling the field
voltage and thus the field current. This control function helps improve synchronizing
torque and enhance system stability whereas under some heavy loading conditions it may
introduce negative damping i.e. oscillation. The oscillations can be occurred in many
variables, however the most important one is the rotor speed of the generator. In order to
6

damp those oscillations, power system stabilizers (PSS) are traditionally employed on
generator excitation control system aiming to supplement damping to the rotor speed
oscillations by employing auxiliary stabilizing signals to governing the excitation.
Typically, to ensure system stability in different operating conditions, the conventional
PSS should be designed as well as tuned carefully. Therefore, several methods have been
used in the designing and tuning the stabilizer including linear and non-linear approaches
such as feedback and Pole placement control methods [8-10], robust control techniques
[11-15], and optimal control [16-18]. However, most of these methods depend on the
accuracy of the system model and often designed using a linearized model of the system,
which provides optimum performance only around a nominal operating point.
Furthermore, although local optimization is realized to a certain degree during stabilizer
tuning, the controller may not guarantee good performance when the operating point
changes and inappropriate coordination among the local controllers occurs. This failure
of coordination may cause serious problems such as undamped inter-area oscillations. The
weak point here is that the design is done at certain operation point so the tuned parameters
of the controller are determined at this point only. As a result, the performance becomes
sub-optimal following the variations in loading conditions and system parameters. This
makes the system less reliable as the power system nowadays becomes more complicated
and the parameters of the stabilizer must be re-tuned so that it can provide the desired
performance.
To overcome the drawbacks of conventional power system stabilizer (CPSS), alternative
intelligent control techniques have been proposed in the literature such as adaptive control
[19-22], and fuzzy logic FLC [23-27]. Recently, designing of robust damping controller
involving multiple system operating points has attracted significant attention. With the
help of optimization -based different approaches such as (particle swarm optimization)
(PSO) and Bacteria Foraging Optimization (BFO) [28], a wide range of system operating
conditions can be included in the design process through parameter optimization.
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However, the formulation of the optimization problem is usually involving some
complexity.

1.5

Research Focus and Contribution

Through the current research procedures, the study is carried to enhance the dynamic
stability of the power system using novel damping controllers in the scope of improving
system small-signal stability. In order to ensure the robustness of the design, different
system operating points (structured system uncertainties) are considered in the MATLAB
Simulation environment.
Two novel robust power system stabilizers are introduced. The first one is based on the
concept of Active Disturbance Rejection Control (ADRC) algorithm and the second is
based on the concept of Feedback Error Learning Control (FEL) approach. The effect of
both proposed stabilizers on the system damping is compared with a conventional PSS
while applied to a single machine infinite bus (SMIB) power system in the presence of
system uncertainties and external disturbances.
The primary objective of this study is to design a robust supplementary damping controller
in order to improve the system damping ratio of the weakly damped oscillatory modes.
The working methodology includes several stages. Firstly, we aim to study the nature of
power system, excitation system and power system stabilizer. Secondly, to describe the
application of two different modern control techniques known as “Active Disturbance
Rejection Control” (ADRC) and "Feedback Error Learning Control" (FEL) on a Single
Machine Infinite Bus (SMIB) power System. And finally, by using MATLAB Simulation
Toolbox, evaluating the performance of both proposed control strategies compared to the
conventional power system stabilizer.
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1.6

Thesis outlines

This thesis is divided into seven chapters. A brief description along with the schematic
block diagram and mathematical model of the power system under study are clarified in
chapter 2. Then the application of a well-known conventional power system stabilizer on
the considered power system is presented in chapter 3 where the stabilizer robustness is
investigated through several studied cases. In chapter 4, the design of the proposed ADRC
controller is illustrated and the proposed control strategy is compared with the
conventional power system stabilizer in Matlab Simulink environment. Chapter 5
proposes an alternative new control scheme which is Feedback Error Learning FEL. The
application of FEL controller on the power system under study is explained and compared
again with the conventional power system stabilizer which is used as a benchmark. In
chapter 6, a comparison study between the proposed ADRC and FEL control methods is
presented and discussed. Finally, some concluding remarks and recommendations for
possible future works are introduced in chapter 7.
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CHAPTER 2

SYSTEM MODELING AND SYNCHRONOUS MACHINE PARAMETERS

2.1

Introduction

This chapter presents the small signal modeling of power system under study. The
dynamic behavior of the system is described by a mathematical expressions namely a
combination of differential and algebraic equations. Then linearized model is derived so
that small signal analysis can be carried out under wide range of system operating points
for purpose of evaluation the robustness of proposed control schemes.
The power system considered in this work consists of synchronous machine connected to
an infinite bus through a transmission line. The general configuration of a single machine
connected to infinite bus (SMIB) system is shown in Fig.2.1 where Vt is generator terminal
voltage, Et is infinite bus voltage, and Xe is transmission line reactance.

Figure 2.1: general configuration of SMIB system
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2.2

Description of power system under study

Figure.2.2 shows a schematic block diagram of power system under study including
control and excitation components. To drive the synchronous generator, a combination of
a turbine and governor is commonly used. The necessary excitation to the generator is
being provided by an external excitation system. In order to control the low frequency
oscillations that maybe originating due to unforeseen disturbances, the excitation system
is traditionally controlled by using both Automatic Voltage Regulator (AVR) and Power
System Stabilizer (PSS). AVR is responsible for damping the low frequency oscillations
and in the same time maintaining the voltage in a specific desired level. AVRs are
generally designed with certain specifications such as high gain and fast acting in order to
provide large scale stability and keep the desired synchronization in the power system
during serious operating conditions. However, high excitation may decrease the damping
torque of the generator. For this reason, PSS that being fed by the deviation of rotor speed
(Δω) is used to generate a supplementary control signal (Vpss) for the excitation system
in order to counteract basically the effect of high gain AVRs as well as any source of
negative damping hence enhances power system stability [29].
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Figure 2.2: Schematic block diagram of SMIB with control components

The theoretical principles of the operation of a synchronous machine on infinite bus
system are briefly illustrated in Appendix A. For more details, it is recommended to refer
[1], [2]. Different models regarding SMIB system representation have been offered in
many literatures. These models can be found in the order of three or even up to eight. A
fourth order model is selected in this study as it is not complex but also sufficient.
Based on Park transformation, the synchronous generator dynamics can be represented as
a set of linear differential equations given below [1]:
δ̇ = ω − ω0
𝜔̇ =
𝐸𝑞̇ =

1
2𝐻
1
𝑇𝑑𝑜

𝐸𝑑̇ =

(2.1)

(−𝐷 𝜔 + 𝑇𝑚 − 𝑇𝑒 )

(2.2)

( − 𝐸𝑞 + (𝑥𝑑 − 𝑥𝑑́ ) 𝑖𝑑 + 𝐸𝑓𝑑 )

(2.3)

( − 𝐸𝑑 + (𝑥𝑞 − 𝑥𝑞́ ) 𝑖𝑞 )

(2.4)

1
𝑇𝑞𝑜

Where,
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𝛿 ,𝜔

are the rotor angle and rotor speed of the generator respectively,

ω0

is the synchronous speed,

𝑇𝑚

is the input mechanical torque,

𝑇𝑒

is the induced electromagnetic torque,

𝐻

is the inertia constant,

𝐷

is the damping constant,

id , iq

are the d & q axis components of armature currents,

Efd

is the voltage proportional to electrical field,

Ed , Eq are the d & q axis components of terminal voltage,
Tdo , Tqo are the d & q axis open circuit transient time constant,

𝑥𝑑 , 𝑥𝑞 are the d & q axis transient reactance.

2.3

Excitation System Model

One of most important influential on operation of synchronous generator is the excitation
system. Most of the times, this system is a changeable DC power supply connected to the
rotor's winding of the generator. In synchronous machine engineering, excitation is
defined as production of flux by injection direct current in the field winding of the machine
in order to regulate the generator output voltage and keeping the synchronization of the
generator. This mechanism enhances the stability when the synchronous machine is
starting-up. Furthermore, it helps control reactive power flow, field voltage, and field
current of the system. Figure 2.3 shows the block diagram representation of the exciter.
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Figure 2.3: Block diagram of excitation system

As shown in Fig 2.3, exciter output is the voltage proportional to electrical field 𝐸𝑓𝑑 and
the differential equation for the exciter is given by
̇ = −
𝐸𝑓𝑑

𝐸𝑓𝑑
𝑇𝐴

+

𝐾𝐴
𝑇𝐴

(𝑉𝑟𝑓 − 𝑉𝑡 − 𝑉𝑠 )

(2.5)

Where
KA is the gain of the exciter amplifier,
TA is the exciter time constant,
𝑉𝑟𝑓 is the steady state magnitude of the terminal voltage,
𝑉𝑡

is the voltage signal corresponding to the q axis component of terminal voltage 𝐸𝑞

𝑉𝑝𝑠𝑠 is the additional signal derived from the Power System Stabilizer.
It is known that PSSs are usually designed for the linearized model rather than the
nonlinear one. Therefore, it is essential to linearize the system under consideration for a
nominal operating point. The following set of algebraic equations are commonly used to
identify the operating point of the system depending on the values of real and reactive
power ( P , Q ) supplied to the load , as well as the terminal voltage 𝑉𝑡 and transmission
line inductance 𝑥𝑒 { i.e. for a given operating point (P0 , Q0 , Vt0 , 𝑥𝑒 )}.
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𝑖𝑞0 =

𝑃0 𝑉𝑡0
2

2 +𝑄 𝑥 )
√(𝑃0 𝑥𝑞 ) +(𝑉𝑡0
0 𝑞

(2.6)

2

𝐸𝑑0 = 𝑖𝑞0 𝑥𝑞

(2.7)

2
2
𝑒𝑞0 = √𝑉𝑡0
− 𝐸𝑑0

(2.8)

𝐸𝑞0 = 𝑒𝑞0 + 𝑖𝑑0 𝑥𝑞

(2.9)

𝑖𝑑0 =

2 𝑥
𝑄0 +𝑖𝑞0
𝑞

(2.10)

𝑒𝑞0

𝐸0 = √(𝐸𝑑0 + 𝑖𝑞0 𝑥𝑒 )2 + (𝑒𝑞0 − 𝑖𝑑0 𝑥𝑒 )2
𝐸

+𝑖𝑞0 𝑥𝑒

𝛿0 = tan−1(𝐸𝑑0−𝑖
𝑞0

𝑑0 𝑥𝑒

(2.11)

)

(2.12)

After specifying the nominal operating point, the linearized model of the SMIB system
along with the excitation system can be derived with some typical assumptions as reported
in the next section.

2.4

Heffron Phillips model

Heffrontrical Phillips model [1] is well known linearized model of power system
described above. This model (in transfer function form) is widely used for purpose of
analyzing small signal stability of the system. The following assumptions are taken into
account for extracting the linearized model:
a)

Winding resistance of stator is neglected.

b)

Damper winding effect is neglected.

c)

Saturation effects are neglected.

d)

Balancing conditions are assumed.
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Based on these assumptions and system equations given by equations (2.1) to (2.12), the
linearized Heffrontrical Phillips model of the system can be written as follows [1], [2]:

∆𝛿̇ = 𝜔0 ∆𝜔
̇ =
∆ω
∆𝐸̇ 𝑞 =
̇ =
∆𝐸𝑓𝑑

1
2H

(2.13)

(−𝑘1 ∆δ − D ∆ω − 𝑘2 ∆Eq + ∆Tm )

1
𝑇𝑑𝑜
1
𝑇𝐴

( − 𝑘4 ∆𝛿 −

1

(2.14)

∆𝐸𝑞 + 𝐸𝑓𝑑 )

(2.15)

( − 𝑘𝐴 𝑘5 ∆𝛿 − 𝑘𝐴 𝑘6 ∆𝐸𝑞 − 𝐸𝑓𝑑 + 𝑘𝐴 𝑢)

(2.16)

𝑘3

Figure 2.4 shows the block diagram of Heffron Phillips model according to equations
(2.13- 2.16).

Figure 2.4: Single machine infinite bus Heffron Phillips model
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In this model, ∆ denotes a small deviation in states, δ, ω are the rotor angle and rotor
speed of the generator respectively, Eq is the quadrature-axis transient voltage, Efd is the
field voltage, Tm is the input mechanical torque, H is the inertia constant, D is the damping
constant, Tdo is the direct-axis open-circuit transient time constant of the generator, KA is
the gain of the exciter amplifier, TA is the exciter time constant and the rest constants K1
to K6 are known as Heffron Phillips constants which are represent the relation between
rotor speed and voltage control within the machine [30]. Calculation of these constants
will be discussed later in Section 2.4.
The linearized differential equations given by (2.13) to (2.16) can be written in the
state space form as follows:

∆𝑥̇ = 𝐴 ∆𝑥 + 𝐵 𝑢 + 𝐹 ∆𝑇𝑚

(2.17)

𝑦 = 𝐶 ∆𝑥

(2.18)

Where

∆𝑥 = (∆𝛿 ∆𝜔 ∆𝐸𝑞 ∆𝐸𝑓𝑑 )𝑇

0
−𝑘1
2𝐻
− 𝑘4

𝐴=

𝑇𝑑𝑜
− 𝑘𝐴 𝑘5

(

𝑇𝐴

𝜔0

(2.19)

0

0

−𝐷

−𝑘2

2𝐻

2𝐻
−1

0

0
0

1

𝑘3 𝑇𝑑𝑜

𝑇𝑑𝑜

− 𝑘𝐴 𝑘6

−1

𝑇𝐴

𝑇𝐴

,

)
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𝐵=

0
0
0

,
𝑘𝐴
(𝑇𝐴 )

0
1

𝐹 = (2𝐻 ) ,
0
0

𝐶 = (0

1 0 0)

It is clear that the system matrix A depends on the operating conditions, defined mainly
by the instantaneous values of both real power P and reactive power Q. This fact is a quite
challenge when designing the controller as the system matrix under study is time variant.

2.5

Calculation of Heffron Phillips K-constants

As it mentioned before, the interaction among all states of the machine is expressed in
terms of six constants K1- K6 which depend on real power P and reactive power Q that
consumed by the load except for K3 which only depends on system impedance. These
constants are known as Heffron Phillips constants which describe the internal influence
factors within the system as listed below [6].
K1- represents the Influence of torque angle on electric torque.
K2- represents the influence of internal Voltage on electric torque.
K3- represents the influence of field winding.
K4- represents the influence of torque angle on field voltage.
K5- represents the influence of torque angle on terminal voltage.
K6- represents the influence of internal voltage on terminal one.
K-constants are modeled in [3] and the expressions that used to determine their values
are illustrated below:

18

K1 =
K2 =
K3 =
K4 =
K5 =
K6 =

(xq −x′d )iq0 E0 sinδ0
xe +x′d

+

Eq0 E0 cosδ0

(2.20)

xe +xq

E0 sinδ0

(2.21)

xe +x′q
xe +x′d

(2.22)

xe +xd
(xd −x′d )E0 sinδ0

(2.23)

xe +x′d

xq ed0 E0 cosδ0
(xe +xq )et0

+

x′d eq0 E0 sinδ0

(2.24)

(xe +x′d )et0

xe eq0

(2.25)

(xe +x′d )et0

The parameters iq0 , ed0 , eq0 , id0 , E0 , Eq0 and δ0 can be calculated for specified
operating point (P0 , Q0 , et0 ) using the following equations [3]:

iq0 =

P0 et0

(2.26)

√(P0 xq )2 +(e2t0 +Q0 xq )2

ed0 = iq0 xq

(2.27)

eq0 = √e2t0 − e2d0

(2.28)

Id0 =

Q0 +i2q0 xq

(2.29)

eq0

E0 = √(ed0 + iq0 xe )2 + (eq0 − id0 xe )2

19

(2.30)

Eq0 = eq0 + id0 xq
Δ0 = tan−1 (

ed0 +iq0 xe
eq0 −id0 xe

(2.31)

)

(2.32)

It is worth mentioning here that the per-unit system is used for analyzing in this study. See
Appendix B. With variation of operating point (P, Q), the values of coefficient constants
K1 to K6 are also vary. As a result, there is always an uncertainty in the system open loop
transfer function (from Δω to u) being function of these coefficient parameters. This issue
must be taken into account in the closed loop design.
Using MATLAP code given in Appendix C, the K-constants for different operating points
(P, Q) can be calculated and plotted as shown in Fig 2.5.A to 2.5.F.

Figure 2.5.A: Variation of constant K1 vs operating points (P, Q)
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Figure 2.5.B: Variation of constant K2 vs operating points (P, Q)

Figure 2.5.C: Variation of constant K3 vs operating points (P, Q)
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Figure 2.5.D: Variation of constant K4 vs operating points (P, Q)

Figure 2.5.E: Variation of constant K5 vs operating points (P, Q)
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Figure 2.5.F: Variation of constant K6 vs operating points (P, Q)
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CHAPTER 3

APPLICATION OF CONVENTIONAL POWER SYSTEM STABILIZER ON
SMIB POWER SYSTEM

3.1

Introduction

In the last few decades until now, Power System Stabilizer (PSS) has been commonly
used in electrical networks because of its high efficiency and low economic cost. In this
context, many researches have been published and explained numerous methods or
techniques to find the optimal setting of PSS parameters. Artificial intelligence and
heuristic techniques have been successfully implemented to find the optimal values of the
stabilizer parameters hence improve the power system stability. For instance, genetic
algorithm (GA) and practical swarm optimization (PSO) are commonly used recently [3539].

3.2

Structure of Conventional Power System Stabilizer

Because of the simplicity of its design and implementation, Power System Stabilizer
(PSS) has been widely used for many years in order to stabilize power systems. With the
help of PSS, it became possible to controlling interrelated power system parameters for
different applications such as bus voltage regulation, Power flow control, System stability
enhancement, Power quality improvement, etc. There are several kinds of PSSs introduced
in the literatures [31-34] involved the utilization of various schemes to deal with different
practical problems in the power systems such as external physical disturbances and
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interior vibrations arising from interaction between system components like shaft torsion
mode.
Figure 3.1 shows the basic structure of Conventional Power System Stabilizer (CPSS).
The stabilizer is composed of three cascaded blocks. First one is an amplifier block of gain
constant Kpss which is an important factor for the damping provided by the PSS. Second
one is a washout block with a time constant Tw and serves as high pass filter in order to
remove the controller effect at steady state conditions. The third block is a phase
compensator has time constants T1& T2 used to compensate the phase lag between exciter
input and generator electrical torque [1].

Figure 3. 1 Basic structure of CPSS

The input signal of stabilizer is the rotor speed deviation Δω and the output ( i.e.
control signal u ) is the supplementary stabilizing signal given to the generator excitation
system.

3.3 Simulation case studies
The author in [39] proposed an optimal design of power system stabilizer using bat
algorithm BA-CPSS. In [40] which it will be used in this study as a benchmark, the system
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performance with bacterial foraging differential evolution BFDE-PSS algorithm was
compared to BA-CPSS that introduced in [39].
In order to test the robustness of the BFDE-PSS introduced in [40], the simulation model
shown in Fig 3.2 has implemented using MATLAB Simulation Toolbox.

Figure 3. 2 Simulation Model used for system performance test

The system parameters and the data of applied conventional power system stabilizer are
considered from the test system in [40] and listed in Table 3.1.
Figure 3.3 shows the block diagram of BFDE-PSS used in the simulation model. The
stabilizer gain Kpss and time constants Tw, T1 and T2 are fixed as designed and
introduced in [40].

Figure 3. 3 Block diagram of BFDE-PSS used in the simulation model
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Table 3-1: System parameters & Data of applied PSS
Generator Parameters
(p.u.)

Exciter
Parameters:

Transmission line
Parameters (p.u.)

𝐗 𝐝 = 𝟏. 𝟗𝟕 , 𝐗 𝐪 = 𝟏. 𝟗

CPSS Parameters
𝐓𝟏 = 𝟎. 𝟐 𝐬

𝐗 ,𝐝 = 𝟎. 𝟑 , 𝐓𝐝𝐨 = 𝟔. 𝟖𝟒

𝐊 𝐀 = 𝟏𝟎𝟎

𝐑𝐞 = 𝟎

𝐓𝟐 = 𝟎. 𝟎𝟖𝟗𝟓 𝐬

𝐇=𝟑, 𝐃=𝟎

𝐓𝐀 =. 𝟎𝟐 𝐬

𝐗 𝐞 = 𝟎. 𝟒

𝐓𝐰 = 𝟎. 𝟓 𝐬
𝐊 𝐩𝐬𝐬 = 𝟏𝟕. 𝟑𝟔𝟏𝟖

𝐕𝐭 = 𝟏. 𝟎𝟏, 𝐅 = 𝟓𝟎 𝐇𝐳.

It is important to note that the power system in the hand is actually time variant system
because the state matrix A of the system is function of Heffron Phillips constants K1 to
K6 which in turn are functions of system parameters as well as loading conditions.
Therefore, the elements of state matrix A vary with the variation of load conditions.
The numerical values of system state matrix 𝐴 for different operating conditions (loading)
are obtained as follows:
At light load (P, Q) p.u = (0.5, 0.0),
0
314.16
0
0
−.1738
0
−.1985
0
𝐴 = −.2908
0
−.4950 . 1462
0
−2071.4 −50 )
(−375.34

At normal load (P, Q) p.u = (0.9, 0.3),
0
314.16
0
0
−.1872
0
−.2123
0
𝐴=
−.311
0
−.4950 . 1462
0
−1932.3 −50 )
(−288.32
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At heavy load (P, Q) p.u = (1.0, 0.8),
0
−.1571
𝐴 = −.2542
( 495.6

314.16
0
0
0
−.1735
0
0
−.4950 . 1462
0
−2281.4 −50 )

At normal leading power factor load (P, Q) p.u = (0.6, - 0.6),
0
314.16
0
0
−.2067
0
−.2861
0
𝐴 = −.4191
0
−.4950 . 1462
0
−348.26 −50 )
(−1282.4

At heavy leading power factor load (P, Q) p.u = (1.1, - 0.8),
0
314.16
0
0
−.1122
0
−.2797
0
𝐴 = −.4097
0
−.4950 . 1462
0
−689.84 −50 )
(−2381.1

Three different cases of operating conditions are considered to represent system structural
uncertainties as illustrated in Table 3.2.

28

Table 03-2: Simulation case studies
Case

Load(P, Q) in p.u

∆𝑇𝑚

Light (0.5, 0.0), t < 6
1

Normal (0.9,0.3), t ≥ 6
Light (0.5, 0.0), t < 6

2

3

Heavy (1.0, 0.8), t ≥ 6

0%,t<1

Light (0.5, 0.0), t < 6

75 % , t ≥ 1

Normal Leading PF (0.6, - 0.6), t ≥ 6
Light (0.5, 0.0), t < 6

4

heavy Leading PF (1.1, - 0.8), t ≥ 6

3.3.1 Case I
In this test, a 75 % increase in the mechanical input torque ∆𝑇𝑚 is applied to the system
at t=1 s, while the operating point is changed from light load to normal load at t=6 s.
Figure 3.4 shows the system response (i.e. rotor speed division ∆𝜔 of the generator) for
the system without control compared to the system with conventional power system
stabilizer. From the figure, it is clear that the conventional power system stabilizer
provided good damping of the oscillations compared to the system without control both
when the mechanical torque was changed and when the load condition was varied where
the system without control became unstable.
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Figure 3. 4 Rotor speed deviation of the generator for case I

3.3.2 Case II
Figure 3.5 illustrates the rotor speed division ∆𝜔 of the generator without control and
with conventional power system stabilizer. In this case, a 75 % increase of ∆𝑇𝑚 is applied
to the system at t=1 s, then the operating point is changed from light load to heavy load at
t=6 s. It can be seen that the response of the system in this case is almost similar to that in
case I.

Figure 3. 5 Rotor speed deviation of the generator for case II
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3.3.3 Case III
In this case, a 75 % increase of ∆𝑇𝑚 is applied to the system at t=1 s, while the operating
point is changed from light load to normal leading PF load at t=6 s. the rotor speed division
∆𝜔 of the generator for this case without control and with conventional power system
stabilizer is shown in Fig 3.6. As seen from the figure, the power system both without
control and with conventional power system stabilizer became unstable when the loading
condition was changed. Here the conventional power system stabilizer is failed to
maintain system stability though it was optimally tuned.

Figure 3. 6 Rotor speed deviation of the generator for case III

31

3.3.4 Case IV
Figure 3.7 illustrates the rotor speed division ∆ω of the generator without control and with
conventional power system stabilizer. In this test, a 75 % increase of ∆𝑇𝑚 is applied to
the system at t=1 s, then the operating point is changed from light load to heavy loading
power factor at t=6 s. It can be seen that the response of the system in this case is almost
similar to that in case III where the power system with conventional power system
stabilizer became unstable.

Figure 3. 7 Rotor speed deviation of the generator for case IV
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3.4

Concluding Remarks

From the simulation results illustrated and discussed in previous section, it can be
concluded that:
1. Variation of operating conditions of power system over a wide range may causes
loss of system synchronism. This was evident through the results obtained in the
considered three cases.
2. When the system is perturbed, it is possible to operate with intense oscillations or
may even become unstable at some serious operating points as it has obviously
seen in simulation results of case III and case IV.
3. The robustness of CPSS is still in doubt even when it being tuned using intelligent
optimization techniques.
4. Based on the above remarks, it is necessary to search for an alternative robust
control scheme which is able to guarantee system stability with wide range of
operation conditions and can suppresses any unwanted oscillations or unexpected
disturbances.
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CHAPTER 4

APPLICATION OF PROPOSED ACTIVE DISTURBANCE REJECTION
CONTROL ON SMIB POWER SYSTEM

4.1

Introduction

Industrial control problems nowadays often encounter the absence of proper models and
it mostly include the presence of model uncertainties and external disturbances. This has
led researchers and engineers to think of alternative control approaches that take these
issues into account. One of the most important new control algorithms is Active
disturbance rejection control (ADRC). Since it was systematically proposed in 1980 [4142], ADRC scheme showed a promising capability in dealing with unexpected disturbance
and the uncertainties of control systems. This control scheme Received quite attention of
applied researchers due to its uniqueness in concepts, ability in dealing with a vast range
of uncertainties, and simplicity in engineering implementation[43-45]. However, the most
important characteristic of ADRC is that, In contrast to most traditional control designs,
the ADRC does not require a lot information about the controlled system. That is because
the ADRC addresses both the external disturbance and system uncertainty as a generalized
disturbance. In other words the information about the physical plant needed by the
controller is derived from system input–output data in real time instead of depending on
the mathematical model of the system.
Based on the extended state observer (ESO) which is the core of ADRC, the effects of the
unknown dynamics and disturbances are actively estimated in real time, and then
compensated for in the control law. Therefore, the controlled plant will be forcing to
behave as a nominal one.
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This chapter presents a novel solution in the form of a robust controller for a typical power
system. The performance of proposed controller is evaluated in the presence of large
power load changes and parameter uncertainties. The power system studied here is a single
machine infinite bus presented in chapter 2.

4.2

Design of ADRC Controller

As mentioned earlier, ADRC offers a new and inherently robust controller block that
requires a little information about the plant. Using this control strategy with the help of
Extended State Observer (ESO), the total disturbance is actively estimated and rejected in
real time. Fig 4.1 shows the block diagram of ADRC control scheme.

Figure 4. 1 Block diagram of ADRC control scheme
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More details about theoretical background of the time-domain ADRC can be found in [7].
Any system with input 𝑈(𝑠) and output 𝑌(𝑠) together with an external disturbance can
be represented by (3.1).

𝑌(𝑠) = 𝑃𝑛 (𝑠) 𝑈(𝑠) + 𝐷(𝑠)

(4.1)

Where 𝐷(𝑠) is the total disturbance is contains internal uncertain dynamics and external
disturbances, 𝑃𝑛 (𝑠) is the transfer function of the nominal plant (without disturbance)
which is described by (4.2).

𝑃𝑛 (𝑠) =

𝑌(𝑠)
𝑈(𝑠)

=

𝑏𝑚 𝑠 𝑚 +𝑏𝑚−1 𝑠 𝑚−1 +⋯+𝑏1 𝑠+𝑏0
𝑎𝑛 𝑠 𝑛 +𝑎𝑛−1 𝑠 𝑛−1 +⋯+𝑎1 𝑠+𝑎0

, 𝑛≥ 𝑚

(4.2)

Dividing both sides of (3.1) by 𝑃𝑛 (𝑠), we get
1
𝑃𝑛 (𝑠)

𝑌(𝑠) = 𝑈(𝑠) + 𝐷∗ (𝑠)

(4.3)

Where

𝐷∗ (𝑠) =

𝐷(𝑠)
𝑃𝑛 (𝑠)

, and

1
𝑃𝑛

=
(𝑠)

𝑎𝑛 𝑠 𝑛 +𝑎𝑛−1 𝑠 𝑛−1 +⋯+𝑎1 𝑠+𝑎0
𝑏𝑚 𝑠 𝑚 +𝑏𝑚−1 𝑠 𝑚−1 +⋯+𝑏1 𝑠+𝑏0

= 𝑐𝑛−𝑚 𝑠 𝑛−𝑚 + 𝑐𝑛−𝑚−1 𝑠 𝑛−𝑚−1 + ⋯ + 𝑐1 𝑠 + 𝑐0 + 𝐺𝑟 (𝑠),

𝑛≥𝑚

Here 𝑐𝑖 (𝑖 = 0,1, … . , 𝑛 − 𝑚), are coefficients of the polynomial (

1
𝑃𝑛 (𝑠)

(4.4)

), and the

remainder 𝐺𝑟 (𝑠) is

𝐺𝑟 (𝑠) =

𝑑𝑚−1 𝑠 𝑚−1 +𝑑𝑚−2 𝑠 𝑚−2 +⋯+𝑑1 𝑠+𝑑0
𝑏𝑚 𝑠 𝑚 +𝑏𝑚−1 𝑠 𝑚−1 +⋯+𝑏1 𝑠+𝑏0

Where 𝑑𝑖 (𝑖 = 0,1, … . , 𝑚 − 1), are coefficients of the remainder nominator
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(4.5)

Substituting (4.4) into (4.3), we get

𝑐𝑛−𝑚 𝑠 𝑛−𝑚 𝑌(𝑠) = 𝑈(𝑠) − [𝑐𝑛−𝑚−1 𝑠 𝑛−𝑚−1 + ⋯ + 𝑐1 𝑠 + 𝑐0 +
𝐺𝑟 (𝑠)] 𝑌(𝑠) + 𝐷∗ (𝑠)

(4.6)

Diving both sides of (4.6) by 𝑐𝑛−𝑚 , we get

𝑠 𝑛−𝑚 𝑌(𝑠) = 𝑏 𝑈(𝑠) + 𝐹(𝑠)

(4.7)

Where 𝐹(𝑠) is the modified total disturbance given by (4.8):

𝐹(𝑠) = −

1
𝐶𝑛−𝑚

[ 𝑐𝑛−𝑚−1 𝑠 𝑛−𝑚−1 + ⋯ + 𝑐1 𝑠 + 𝑐0 + 𝐺𝑟 (𝑠)] 𝑌(𝑠) +

𝐷 ∗ (𝑠)
𝐶𝑛−𝑚

(4.8)
And 𝑏 =

1
𝐶𝑛−𝑚

=

𝑏𝑚
𝑎𝑛

, 𝑛≥𝑚

(4.9)

The proposed controller will be designed based on the system model given by (4.7).
Hence, the accurate estimation of 𝐹(𝑠) plays a vital role for the effectiveness of the
ADRC controller so, an Extended State Observer (ESO) is needed to estimate the 𝐹(𝑠)
in real time. Consequently the state variables of the system (4.7) must be augmented to
include 𝐹(𝑠) as follows:
Let 𝑥1 = 𝑦 ,

𝑥2 = 𝑦 (1) , …, 𝑥𝑛−𝑚+1 = 𝑦 (𝑛−𝑚)

The system model (4.7) can be rewritten as
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(1)

𝑥̇ = 𝐴 𝑥 + 𝐵 𝑢 + 𝐸 𝑓
𝑦=𝐶𝑥

}

(4.10)

Where

𝑥 = [ 𝑥1

𝑥2

… 𝑥𝑛−𝑚
0

𝐴(𝑛−𝑚+1)×(𝑛−𝑚+1) = [

𝑥𝑛−𝑚+1 ]𝑇 ,
1
0

] ,

...

1
0

𝐵(𝑛−𝑚+1)×(1) = [ 0 0 …

𝑏

0 ]𝑇 ,

𝐸(𝑛−𝑚+1)×(1) = [ 0 0 …

1 ]𝑇 ,

𝐶(1)×(𝑛−𝑚+1) = [ 1 0 …

0] ,

𝑓 (1) , is the first derivative of the total disturbance and the ESO dynamics can be
represented as

𝑧̇ = 𝐴 𝑧 + 𝐵 𝑢 + 𝐿 (𝑦 − 𝑦̂ )
}
𝑦̂ = 𝐶 𝑧

(4.11)

Where

𝑧 = [ 𝑧1

⋯ 𝑧𝑛−𝑚

𝑧𝑛−𝑚+1 ]𝑇 , is the estimated state vector of 𝑥, and ̂𝑦 , is the

estimated output vector of 𝑦,
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𝐿 = [ 𝛽1

⋯ 𝛽𝑛−𝑚

𝛽𝑛−𝑚+1 ]𝑇 , is the observer gain vector which is designed in

order to locate all the eigenvalues of ESO at a desired location (− 𝜔0 ).
With a well tuning of ESO we can get

𝑍𝑛−𝑚+1 (𝑠) = 𝐹̂ (𝑠) ≈ 𝐹(𝑠)

(4.12)

Where 𝐹̂ (𝑠) , is the estimation of 𝐹(𝑠)
If the control input is designed as

𝑢=

𝑢0 − 𝑧𝑛−𝑚+1

(4.13)

𝑏

The system (4.7) will be reduced to

𝑠 𝑛−𝑚 𝑌(𝑠) = 𝑏 (

𝑈0(𝑠)− 𝑧𝑛−𝑚+1 (𝑠)
𝑏

) + 𝐹(𝑠)

= 𝑈0 (𝑠) − 𝐹̂ (𝑠) + 𝐹(𝑠) ≈ 𝑈0 (𝑠)

(4.14)

The control goal is to regulate the output 𝑦 to zero. This can be achieved by using
traditional PD controller. Therefore, the control law 𝑈0 (𝑠) is chosen as

𝑈0 (𝑠) = 𝐾0 (𝑅(𝑠) − 𝑍1 (𝑠)) − 𝐾1 𝑍2 (𝑠) − ⋯ − 𝐾𝑛−𝑚−1 𝑍𝑛−𝑚 (𝑠)

(4.15)

With the control law given by (4.15), 𝑌(𝑠) will be driven to the reference input 𝑅(𝑠),
which is zero for our system. Finally, in order to further simplify the tuning process, all
the closed-loop poles of the PD controller are set to a certain location (−𝜔𝑐 ).
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4.3

Simulation case studies

The simulation model shown below in Fig 4.2 has been implemented by MATLAB
Simulation Toolbox In order to evaluate the robustness of proposed ADRC controller.

Figure 4. 2 Simulation model used for case studies

The performance of the system with proposed ADRC controller is compared to the system
with conventional PSS discussed in previous chapter. All parameters of the power system
and conventional stabilizer have been kept unchanged as set previously in chapter 3 and
listed in Table 3.1. For purpose of testing the robustness of the system, both CPSS &
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ADRC controllers are designed at certain operating point (i.e. Light load (P, Q) = (0.5,
0.0) pu. Then, this point was changed several times in the presence of increase of
mechanical torque and sudden change in the operating pint.
Figure 4.3 shows the detailed block diagram of ADRC controller used in the
simulation model.

Figure 4. 3 The detailed block diagram of ADRC controller

The parameters of ADRC controller have been set as follows:
𝜔𝑐 = 12

𝐾1 = 3 𝜔𝑐 2

𝐾0 = 𝜔𝑐 3

𝐾2 = 3 𝜔𝑐

𝑏 ̀= -145

The detailed block diagram of extended state observer ESO is depicting below in Fig 4.4.
The parameters of ESO observer have been set as follows:
0
0
𝐴𝑜 = (
0
0

1
0
0
0

0
1
0
0

0
0
)
1
0

,

0
0
𝐵𝑜 = ( ̀ )
𝑏
0
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, 𝐷𝑜 = (0)

𝐶𝑜 = (1 0

0 0) ,

4 𝜔𝑜
6 𝜔𝑜 2
𝐿𝑜 =
4 𝜔𝑜 3
( 𝜔𝑜 4 )

,

𝜔𝑜 = 5 𝜔𝑐

Figure 4. 4 The detailed block diagram of ESO observer

Three different cases of operating conditions are considered as system structural
uncertainties in order to test the robustness of proposed ADRC controller. The three
different cases are listed in Table 4.1.
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Table 4-1 Simulation case studies
Case

∆𝑇𝑚

Load(P, Q) in p.u
Light (0.5, 0.0), t < 4

I

Normal (0.9,0.3), t ≥ 4
Light (0.5, 0.0), t < 4

II

III

Heavy (1.0, 0.8), t ≥ 4

0 % , t < 0.5 s

Light (0.5, 0.0), t < 4

100 % , t ≥ 0.5 s

Normal Leading PF (0.6, - 0.6), t ≥ 4
Light (0.5, 0.0), t < 4

IV

Heavy Leading PF (1.1, - 0.8), t ≥ 4

4.3.1 Case I
In this test, a 100 % increase of ∆𝑇𝑚 is applied to the system at t=0.5 s, while the operating
point is changed from light load to normal load at t = 4 s. A comparison of rotor speed
deviation of the synchronous machine with CPSS and that with proposed ADRC is shown
in Fig 4.5.

Figure 4. 5 Rotor speed deviation of the generator for case I
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4.3.2 Case II

In this test, a 100 % change of ∆𝑇𝑚 is applied to the system at t = 0.5 s, while the operating
point is changed from light load to heavy load at t = 4 s. The rotor speed deviation of the
synchronous machine with proposed ADRC controller compared to that with CPSS is
shown in Fig 4.6.

Figure 4. 6 Rotor speed deviation of the generator for case II

4.3.3 Case III
In this test, a 100 % change of ∆𝑇𝑚 is applied to the system at t = 0.5 s, while the operating
point is changed from light load to normal leading PF load at t = 4 s. Figure 4.7 shows
rotor speed deviation of the synchronous machine with proposed ADRC controller and
with conventional power system stabilizer CPSS.
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Figure 4. 7 Rotor speed deviation of the generator for case III

4.3.4 Case IV
Figure 4.8 shows rotor speed deviation of the synchronous machine with proposed ADRC
controller and with conventional power system stabilizer CPSS for this last case of study.
In this case, a 100 % change of ∆𝑇𝑚 is applied to the system at t = 0.5 s, while the operating
point is changed from light load to heavy leading PF load at t = 4 s.

Figure 4. 8 Rotor speed deviation of the generator for case IV
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4.4

Concluding Remarks

1. Since power system is frequently undergoing changes, conventional power system
stabilizer CPSS can become inefficient in the case of some serious operation
conditions (normal leading power factor load).
2. The ADRC controller has been employed as a satisfactory solution to damp lowfrequency oscillations in a wide range of system operation conditions.
3. The proposed ADRC approach has a better dynamic performance regarding
system stability in terms of improvement the overshoots and undershoots than the
CPSS. This can be clearly noted in first and second results of simulation case
studies.
4. The superiority of ADRC against system uncertainty is obviously appeared in the
simulation results of case III where the proposed ADRC maintained its robust
performance at severe operating point while the conventional stabilizer failed at
that point.
5. Despite the high performance efficiency of proposed ADRC controller, it is still
weak at some heavy operating points as depicted in case IV. This is because the
ADRC is a linear controller unlike the power system which involves high
nonlinearity characteristics and is also a time variant system.
6. The fifth remark mentioned above shows the need to seek alternative control
strategies of an adaptive and nonlinear nature that capable to deal efficiently with
the nonlinear nature and continuous change of power system states. This will be
addressed in the next chapter.
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CHAPTER 5

APPLICATION OF PROPOSED FEEDBACK ERROR LEARNING CONTROL
ON SMIB POWER SYSTEM

5.1

Introduction

As mentioned earlier, since modern power systems are highly nonlinear systems and
operate under large disturbances, designers should take extra care to ensure system
stability. More on that, the designing of conventional stabilizers as well as several modern
control schemes often encountered by fundamental problem of requiring a comprehensive
information about the system. Moreover, the designer mostly needs to pre-program all
possible operating scenarios which are unpredictable in modern power systems.
Employing the concept of machine learning in the area of control engineering has assisted
to reduce the necessity of pre-programming all possible scenarios as a part of design
process, but rather, the controller can be learned during operating. As reflected by the
research papers published in this field, an Artificial Neural Network (ANN) proved to be
effective tool in dealing with various complex applications of control systems especially
when it is being combined together with conventional control in appropriate configuration
[46]. ANNs have been applied successfully to identify and control of dynamic systems
because of their learning capacity and ability to tolerate incorrect or noisy data [47].
The high adaptation capabilities of neural network make it a popular choice for
implementing effective nonlinear controllers and also for modeling complex systems
where conventional analytical techniques cannot be handled easily. In next section, the
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general structure of artificial neural network with its basic elements and the
backpropagation learning algorithm will be explained and discussed.

5.2

Artificial Neural Networks (ANNs)

Artificial Neural Networks (ANNs) consist of large number of processing elements called
neurons connected together that constitute the network structure. This distinctive
structural of ANNs gives them an advantage over linear techniques in dealing with
complicated problems in modern systems.
The most important feature of the ANNs is its ability to adjust their connection weights
through an adaptive process called Learning. This learning process can be accomplished
either online or offline. There are many patterns used in learning process within ANNs,
however, Information obtained through learning is commonly represented by a set of
connection weights [48-49].
Figure.4.1 shows a simple structure of neuron model with 𝑛 individual scalar inputs
(𝑥1 ⋯ 𝑥𝑛 ). Each input is multiplied by corresponding weight (𝑤1 ⋯ 𝑤𝑛 ) then the
artificial neuron added up the weighted inputs together and supplies it to the activation
function 𝑓 and finally produces the scalar neuron output 𝑦 [50].
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Figure 5. 1 Simple model of an artificial neuron

Mathematically, the neuron output, 𝑦 is expressed as follows:

𝑦 = 𝑓(∑𝑛𝑖=1( 𝑏 + 𝑥𝑖 𝑤𝑖 ))

(5.1)

It is essential to note that the weights are playing a vital role in determining the output of
the neural network. According to a modification rules, the weights ( 𝑤1 ⋯ 𝑤𝑛 )are used
to adjust the relative importance of the connection between the neurons. Another effective
parameter is the biasing factor, 𝑏 which is used to increase or decrease the input of the
activation function 𝑓.
Many activation functions have successfully been used to build neural networks. For
example but not limited to a sigmoid, Gaussian, hard-limit, and hyperbolic tangent are
commonly used functions [51-52]. Each type of activation function has a particular
mathematical expression and choosing of the function depends on the application where
the neural network will be used. As an example, the output of hyperbolic tangent function
is described as follows [53]:

𝑓(𝑥) =

𝑒 𝑥 − 𝑒 −𝑥

(5.2)

𝑒 𝑥 + 𝑒 −𝑥

49

It is worth mentioning that the power of neurons does not lie in neuron itself but rather in
their interconnection, which allows to handle relations between the variables and gives
the neural network high processing capability. According to literatures in related field,
two different classes of feed-forward networks can be identified depend on the type of
used activation function and the connection way of neurons within the neural network
[54].

5.2.1

Feed-forward Single-layer Neural Network

As shown in Fig 5.2 a feed-forward single-layer network has a structure that able to deal
with multi-input and multi-output signals. The input signals are passed to each of the
neurons in the network. In each neuron, the sum of products of the weights and the inputs
is calculated. It is essential to note that, since no computation take a place at input layer,
this layer is not accounted.

Figure 5. 2 Feed-Forward Single-layer neural network
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This type of network has a limitation that it cannot be used to approximate nonlinear
functions. Approximating of nonlinear functions can be accomplished by using a multilayer networks.

5.2.2

Feed-forward Multi-layer Neural Network

Feed-forward Multi-layer Neural Network is a network formed by connect two or more
single-layer networks together. As shown in Fig 5.3, the input signals of the network are
received directly by the neurons located in the input layer then the signals are passed
through the subsequent layers forward to the output layer. Neuron layers that located
between input layer and output layer are typically called the hidden layer.

Figure 5. 3 Feed-Forward Multi-Layer neural network

The high adaptation capabilities of the multi-layer neural network make it a popular choice
for modeling complex systems and also for implementing effective nonlinear controllers.
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5.3

Back-propagation Learning Algorithm

As it mentioned in previous sections, the network output is altered by adjusting the
weights of the neural network. The weight adjusting leads the network to converge to a
desired value. This process called network learning which can be achieved by using some
learning algorithms.
One of the most important learning algorithms that has been widely utilized in order to
train the multi-layer neural networks is the Back-propagation algorithm [55-56].
The learning technique within Back-propagation algorithm is based on the derivatives of
the error which minimizes the accumulated mean squared error between the actual and
desired values. The derivative of the error is passing from the output layer back toward
the input layer. In such a manner, the weights of the network can be adjusted.
In addition of the importance of the network weights which are the only parameters that
can be iteratively modified to minimize the error, the value of learning rate is also very
important. Unsuitable selection of learning rate might leads either to network instability
or slow down the convergence.
The main goal of utilizing the back-propagation algorithm is to change or update the
weights of the network individually so that they minimize the error between actual value
and the target value for each output neuron, thereby cause the output of the network as a
whole to be closer the desired value.
The back-propagation algorithm iterations can be summarized in the flowchart shown in
Fig 5.4 [57]:
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Figure 5. 4 Iteration of back-propagation algorithm

5.4

Feedback Error Learning Control (FEL)

The most important advantage of ANN is that it has the capability of training by adaptive
learning, the network learns how to perform functions better and better because the
knowledge learned during training is stored in the synaptic weights. This feature is utilized
in the area of adaptive control to reduce the effects of parameter variations and guarantee
the robustness of the system by adjusting (i.e. adapting) the controller on-line [58].
Several neural network patterns have been developed since their inception in the 1940s,
and there are different types of neural network have been employed in control
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applications. Multi-Layer Perception (MLP) is one of the most widely used [59]. MLP
neural networks could be trained in a supervised manner using the back-propagation
algorithm [60]. Back- propagation uses a least-mean-square error algorithm to adjust the
network weights based on error-correction learning rule.
The authors in [61] proposed a feed forward controller learning scheme. They call that
learning scheme Feedback Error Learning (FEL). In FEL scheme, the neural network
model acquires an inverse dynamics model of the controlled plant. Fig.5.5 shows the
general configuration of FEL control scheme.

Figure 5. 5 General structure of FEL control scheme

Feedback Error Learning scheme is a combination of two controllers which are feed
forward neural network joined together with a classical fixed-gain feedback controller. In
this combination, the output signal of conventional controller is supplied to an artificial
neural network that is trained online. After certain learning period, the neural network will
be acting as an adaptive controller instead of the conventional one, resulting in a system
that more robust against structural uncertainties and external disturbances. In this study,
the artificial intelligent technique is employed within framework of feedback error
learning scheme in order to enhance the stability of Single Machine Infinite Bus (SMIB)
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power system in the presence of large power load changes and system parameters
uncertainties.

5.5

MATLAB Adaptive Neural Network Library

Neural Network Tool Box supports supervised learning with feed-forward and dynamic
networks under Matlab environment [62]. However, such product is still not satisfactorily
integrated with Simulink hence the neural network subsystems that are developed in
Matlab environment are sometimes slow and not effective with real time applications.
"Adaptive Neural Network Library" was developed at West Virginia University as a
serious attempt to overcome these difficulties [63]. This library includes different kinds
of adaptive neural networks, see Appendix D.

5.6

ADALINE neural network tool

From "Adaptive Neural Network Library" mentioned befor, a “self-Adaptive Discrete
Time MIMO Linear Neural Network” (ADALINE) tool shown in Fig.5.6 has been chosen
for this study. Unlike other neural control solutions which involve neurons take a long
time learning process in addition to a difficult on-line tuning of weights, the ADALINE
neuron uses an algorithm that able to adapt its weights on-line faster than others. this
mechanism within the network induces the non-linear character of control law since the
weights are used as parameters of the controller.
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Figure 5. 6 Simulink ADALINE neural network block

ADALINE block, as shown in Fig.5.6, has three input channels in its left side namely "xn"
which is the input vector to the neural network, "e" which represents the error between the
real output and the network approximation, and the last input channel "LE" which is a
logic signal that either enables “1” or disables “0” the learning. In the right side of the
ADALINE block, there are two output channels namely "ys" which is the main output of
the network and "X" which is a vector contains network states such as network weights
and other parameters that change during the learning process.
Moreover, artificial neural network library provides an interface enabling to set the
parameters of neural network. Through this interface tool, all network parameters such as
number of inputs, number of hidden layers, number of outputs, weight limites, learning
rate, number of the neurons in each layer, etc, can be easely chosen. Figure 5.7 shows
MATLAB-SIMULINK interface mask of ADALINE network.
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Figure 5. 7 Simulink interface mask of ADALINE network

5.7

Simulation case studies

In order to demonstrate the effectiveness of proposed ANN based FEL control scheme,
the system dynamic performance with proposed control strategy is compared to the system
dynamic performance with the conventional PSS that had been discussed in chapter 3. The
comparison is done by means of considering deffirent cases of system loading with
change in mechanical torque ∆𝑇𝑚 that provided by the prime mover which considered as
an external disturbance. The simulation model shown in Fig 5.8 has been implemented in
MATLAB/SIMULINK to evaluate system dynamic performance with proposed FEL
control scheme.
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Figure 5. 8 Simulation model used for simulation tests

Figure 5.9 shows the detailed block diagram of FEL controller used in the simulation
model shown in Fig 5.8.

Figure 5. 9 Detailed block diagram of FEL controller
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As shown in Fig 5.9, The network input is the deviation of rotor speed (y) while the
network output is a supplementary signal added to the control signal (us) provided by the
CPSS.
Here, all parameters of SMIB power system and CPSS controller are kept unchanged as
set in chapter 3. Mainwhile, the ADALINE parameters are set as listed in Table 5.1.

Table 5-1 ADALINE parameters values

Parameter

Value

No. of input neurons
No. of output neurons
Learning rate
Stabilizing Factor

2.0
1.0
0.7
1.0*10-9

Weight Limiter

1.0*104

Sample Time

1.0*10-5

Table 5-2: Simulation case studies
Case

1

2

3
4

Load(P, Q) in p.u

∆𝑇𝑚

Light (0.5, 0.0), t < 4
Normal (0.9,0.3), t ≥ 4
Light (0.5, 0.0), t < 4
Heavy (1.0, 0.8), t ≥ 4

0 % , t < 0.5 s

Light (0.5, 0.0), t < 4

100 % , t ≥ 0.5 s

Normal Leading PF (0.6, - 0.6), t ≥ 4
Light (0.5, 0.0), t < 4
Heavy Leading PF (1.1, - 0.8), t ≥ 4
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Four cases of system loading are considered in the simulation study as illustrated in Table
5.2.

5.7.1 Case I
In this case, a 100 % increase of ∆𝑇𝑚 is applied to the system at t = 1.5 s, while the
operating point is changed from light load to normal load at t = 4.5 s. A comparison of
rotor speed deviation of the synchronous machine with CPSS and that with proposed FEL
controller is shown in Fig 5.10.

Figure 5. 10 Generator speed deviation for case I

5.7.2 Case II
Figure 5.11 shows rotor speed deviation of the synchronous machine with proposed FEL
controller compared to that with conventional power system stabilizer CPSS for case II.
In this case, a 100 % change of ∆𝑇𝑚 is applied to the system at t = 1.5 s, while the operating
point is changed from light load to heavy load at t = 4.5 s.
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Figure 5. 11 Generator speed deviation for case II

5.7.3 Case III
The rotor speed deviation of the synchronous machine with proposed FEL controller
compared to that with CPSS for case III is shown in Fig 5.12. Here, a 100 % change of
∆𝑇𝑚 is applied to the system at t = 1.5 s, while the operating point is changed from light
load to normal leading power factor load at t = 4.5 s.

Figure 5. 12 Generator speed deviation for case III
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5.7.4 Case IV
In this last case of study, a 100 % change of ∆𝑇𝑚 is applied to the system at t = 1.5 s, while
the operating point is changed from light load to heavy leading power factor load at t =
4.5 s. The comparison of rotor speed deviation of the synchronous machine with proposed
FEL controller to that with CPSS is shown in Fig 5.13.

Figure 5. 13 Generator speed deviation for case IV
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5.8 Concluding Remarks

1. FEL control strategy can be employed as an alternative satisfactory solution to
damp low-frequency oscillations in power systems for a wide range of system
operation conditions.

2. The proposed FEL approach has an excellent dynamic performance in terms of
decreases the overshoots and undershoots of system response. This is very clear in
all simulation results of the considered case studies.

3. The superiority of proposed FEL controller against system uncertainty and
unexpected external disturbances can be seen in the simulation results of case III
and case IV where the proposed FEL maintained its robust performance at the
considered operating points while the conventional stabilizer failed at those points.

4. Unlike to ADRC controller, the non-linearity and adaptability characteristics of
the neural networks gave the proposed FEL control scheme high degree of
flexibility and efficiency in maintaining the stability of power system under study
for a wide range of operating points as well as sudden changes in the operating
conditions that frequently occurred in such systems.
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CHAPTER 6
COMPARISON STUDY BETWEEN PROPOSED ADRC AND FEL
CONTROLLERS

6.1

Introduction

In the previous chapters, the application of proposed ADRC and FEL controllers to the
power system under study was discussed. Performance of each controller was studied and
compared with performance of conventional power system stabilizer, where it was found
that the proposed control schemes achieves better improvement than conventional one.
The objective in this chapter is to compare the proposed robust control methods with each
other to evaluate their robustness and effectiveness. The comparison will be done by
considering some cases of system loading with change in mechanical torque ∆𝑇𝑚 . All
parameters of SMIB power system with conventional stabilizer, ADRC controller, and
FEL controller are kept unchanged as set in chapter 3, chapter 4, and chapter 5
respectively.

6.2

Simulation case studies

The MATLAB/SIMULINK simulation model shown in Fig 6.1 has been implemented to
compare power system dynamic performance with both of proposed ADRC and FEL
control schemes.
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Fig.6. 1: Simulation model used for comparison study

6.2.1 Dynamic response of the system to change in mechanical torque

in this section, the dynamic response of the system to the change of mechanical torque
provided by prime mover ∆𝑇𝑚 is investigated. for purpose of comparison, two cases are
considered which are 50% and 100% increasing in ∆𝑇𝑚 . For both cases, the change of
mechanical torque is applied to the system at t = 1sec. The simulation results of considered
cases are depected in following Fig 6.2 and Fig 6.3.
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Fig.6. 2: Dynamic response of the system for 50 % change in ∆𝑇𝑚

Fig.6. 3: Dynamic response of the system for 100 % change in ∆𝑇𝑚

The simulation results show that both proposed controllers are able to damp rotor
speed swings and provide good overall damping effect. The difference between the
performances of both ADRC and FEL controllers can be shown more accurately using
Integral Absolute Error (IAE) and Integral Squared Error (ISE) where:
𝑡

𝐼𝐴𝐸 = ∫0 |𝑒| 𝑑𝑡

(6.1)

𝑡

𝐼𝑆𝐸 = ∫0 |𝑒|2 𝑑𝑡

(6.2)
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The obtained results are listed in Table 6-1 focusing on the settling time, time of peak
value, integral absolute error, and integral squared error. Here, the change of
mechanical torque has been applied at t =1 sec and all evaluation parameters has been
calculated from moment t = 0 sec.
Table 6-1 Comparison of ADRC and FEL for 50 % ∆Tm and 100 % ∆Tm
∆𝑇𝑚

Controller

Settling time
(sec)

ADRC

2.5651

FEL

Peak time
(sec)

IAE (p.u)

ISE (p.u)

1.15

0.00192

5.69 e-6

1.9943

1.12

0.00143

4.08 e-6

ADRC

2.5651

1.15

0.00384

2.27 e-5

FEL

2.0619

1.11

0.00148

4.41 e-6

50 %

100 %

6.2.2 Dynamic response of the system to change in system load

in this section, the dynamic response of the system to the change of load conditions ( P,
Q) is investigated. The considered cases in the comparison study are listed in Table 6.2.
Here a 100% step change in the mechanical torque is applied to the system at t = 0.5 sec
for all cases of study.
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Table 6-2 Comparison case studies for different loads
Case

I

II

III

VI

Load (P, Q) p.u

Light (0.5, 0.0), t < 3
Normal (0.9,0.3), t ≥ 3
Light (0.5, 0.0), t < 3
Heavy (1.0, 0.8), t ≥ 3
Light (0.5, 0.0), t < 3
Normal Leading PF (0.6, - 0.6), t ≥ 3
Light (0.5, 0.0), t < 4
Heavy Leading PF (1.1, - 0.8), t ≥ 3

6.2.2.1 Case I
In this case, the operating point is changed from light load to normal load at t = 3 sec while
a 100 % increase of ∆𝑇𝑚 is applied to the system at t = 0.5 sec. A comparison of rotor
speed deviation of the synchronous machine with both of ADRC and FEL controller is
shown in Fig 6.4 and Fig 6.5.
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Fig.6. 4: Rotor speed deviation with CPSS, ADRC, and FEL for case I

Fig.6. 5: Rotor speed deviation with ADRC and FEL controllers for case I

6.2.2.2 Case II
Figures 6.6 and 6.7 show the dynamic responses of the system for case II. Here, a 100%
step change in the mechanical torque ∆𝑇𝑚 is applied to the system at t = 0.5 sec while the
operating point is changed from light load to heavy load at t = 3 sec.
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Fig.6. 6: Rotor speed deviation with CPSS, ADRC, and FEL for case II

Fig.6. 7: Rotor speed deviation with ADRC and FEL controllers for case II

6.2.2.3 Case III
In this case, the operating point is changed from light load to normal leading power factor
load at t = 3 sec while a 100 % step change in the mechanical torque ∆𝑇𝑚 is applied to
the system at t = 0.5 sec. A comparison of rotor speed deviation of the synchronous
machine with both of ADRC and FEL controller is shown in Fig 6.8 and Fig 6.9.
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Fig.6. 8: Rotor speed deviation with CPSS, ADRC, and FEL for case III

Fig.6. 9: Rotor speed deviation with ADRC and FEL controllers for case III

6.2.2.4 Case IV
In this case, the operating point is changed from light load to heavy leading power factor
load at t = 3 sec while a 100 % increase of ∆𝑇𝑚 is applied to the system at t = 0.5 sec. A
comparison of dynamic response of the synchronous machine with both of ADRC and
FEL controller is shown in Fig 6.10 and Fig 6.11.
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Fig.6. 10: Rotor speed deviation with CPSS, ADRC, and FEL for case IV

Fig.6. 11: Rotor speed deviation with ADRC and FEL controllers for case IV

In general, the simulation results show that both proposed control methods showed
capability in significantly improvement the system stability and damping of rotor speed
oscillations in comparison with conventional power system stabilizer. However, the FEL
controller showed better performance in comparison with ADRC as it has clearly seen in
simulation results of case IV with heavy lead power factor load. The results can be
summarized using IAE and ISE criteria for all considered system load conditions with
CPSS, ADRC, and FEL controller as depicted in Table 6-3.
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Table 6-3 IAE & ISE criteria for all used controllers
∆𝑇𝑚

Case

I

II
100%
III

IV

Controller

IAE (p.u)

ISE (p.u)

CPSS
ADRC
FEL
CPSS
ADRC
FEL
CPSS
ADRC
FEL
CPSS
ADRC
FEL

9.8 e-4
5.1 e-4
7.7 e-5
9.8 e-4
3.9 e-4
1.1 e-4
inf
4.8 e-4
3.8 e-5
inf
inf
4.6 e-5

1.7 e-6
3.3 e-7
1.9 e-9
1.6 e-6
1.4 e-7
4.5 e-9
inf
1.4 e-7
2.3 e-9
inf
inf
1.9 e-9
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CHAPTER 7
CONCLUSION AND RECOMMENDATIONS

7.1

Conclusion

Large efforts have been made and are still being made to design a power system stabilizers
capable of meeting the increasing challenges of modern power systems. This because the
power systems nowadays were became operating at their maximum limits, making the
stability margin of these systems very limited. In recent years, various types of optimal
techniques have employed to set the parameters of Conventional Power System Stabilizer
(CPSS) in order to damp the unwanted oscillations and in turn significantly enhanced the
stability of power systems. However, the conventional power system stabilizer is usually
designed based on a linear model of the system thus its performance frequently seems
unsatisfactory, especially under some sever operating conditions. These operational
challenges are caused by time varying characteristics as well as nonlinearity nature of
modern power systems. Therefore, there is a need to use an alternative controllers capable
to adapting their parameters based on operating conditions and also have an ability to
prevent any external disturbance or parameter system uncertainty to negatively affecting
the system dynamic performance. Active Disturbance Rejection Control (ADRC), and
Feedback Error Learning Control (FEL) are two types of modern control schemes that
have been recently introduced in order to improve the performance of dynamic systems
with time variant and nonlinear characteristics.
ADRC control approach has been developed in this study for a power system consists of
synchronous machine connected to infinite bus (SMIB) through an external reactance
under small disturbance. The obtained simulation results demonstrated that the proposed
ADRC controller can be employed as a satisfactory solutions to damp low-frequency
oscillations in power systems for a wide range of system operation conditions. On the
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other hand, it has been found that though the ADRC controller was largely successful in
damping of Low Frequency Oscillations (LFO) of the power system and improving the
overall system stability, the ADRC remains weak with sudden changes in operating
conditions and heavy loads since it is essentially linear controller. For this reason,
feedback error learning control scheme has been proposed in this dissertation as another
alternative solution to overcome the operational challenges in the power system. With the
help of Artificial Neural Networks within the structure of FEL control Scheme, the
concept of machine learning has been successfully exploited to reduce the necessity of
pre-programming all possible scenarios as a part of design process, but rather, the
controller became able to learn during operating. The simulation results showed
superiority of proposed FEL control approach which had better dynamic performance than
ADRC and CPSS for a wide range of operation conditions in terms of decreases the
overshoots and undershoots of system response as well as the sudden changes in the
operating conditions that frequently occurs in power systems.
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7.2 Final recommendations and future work

Finally, we suggest the following topics which may introduced for further research:



The effectiveness of introduced controllers in this study can be experimentally
evaluated if possible using a physical power system model.



Application of introduced ADRC and FEL control approaches to a multi-machine
power system is recommended.



The deviation of active power at the infinite bus can be used as a feedback control
signal instead of rotor speed deviation considered in the present study. Next, the
effect of this change on the performance of both ADRC and FEL controllers can
be evaluated by comparing the simulation results to be obtained with that depicted
in this thesis.



Active Disturbance Rejection control strategy (ADRC) introduced in this thesis
can be replaced by Nonlinear Active Disturbance Rejection (NADRC). Then a
comparison should be done between the dynamic system responses with both two
control strategies.



An optimal approaches can be suggested to design and set the parameters of the
proposed controllers in this dissertation.
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APPENDIX A
THE OPERATION OF A GENERATOR ON INFINITE BUS BARS

In order to simplify the ideas as much as possible the resistance of the generator will be
neglected; in practice this assumption is usually reasonable. Figure A.1 shows the
schematic diagram of a machine connected to an infinite bus bar along with the
corresponding phasor diagram.

Figure A. 1 Schematic diagram of SMIB

If losses are neglected the power output from the turbine is equal to the power output
from the generator. The angle δ between the E and V phasors is known as the load angle
is dependent on the power input from the turbine shaft. With an isolated machine
supplying its own load the latter dictates the power required and hence the load angle;
when connected to an infinite-bus bar system, however, the load delivered by the
machine is no longer directly dependent on the connected load. By changing the turbine
output and hence δ the generator can be made to take on any load the operator desires,
subject to economic and technical limits.
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From the phasor diagram in Figure A.1 (b), the power delivered to the infinite bus bar =
VI cos φ per phase but,

This expression is of extreme importance as it governs to a large extent the operation of a
power system.
Equation (A.1) is shown plotted in Figure A.2. The maximum power is obtained at δ =
90o. If δ becomes larger than 90o due to an attempt to obtain more than Pmax, increase in
δ results in less power output and the machine becomes unstable and loses synchronism.
Loss of synchronism results in the interchange of current surges between the generator
and network as the poles of the machine pull into synchronism and then out again.
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Figure A. 2 Power delivered to the load

If the power output of the generator is increased by small increments with the no-load
voltage kept constant, the limited of stability occurs at δ = 90o and is known as the steadystate stability limit. There is another limit of stability due to a sudden large change in
conditions such as caused by a fault, known as the transient stability limit, and it is
possible for the rotor to oscillate beyond 90o a number of times. If these oscillations
diminish, the machine is stable. The load angle δ has a physical significance; it is the
angle between like radial marks on the end of the rotor shaft of the machine and on an
imaginary rotor representing the system. The marks are in identical physical positions
when the machine is on no-load. The synchronizing power coefficient = dP/dδ watts per
radian and the synchronizing torque coefficient = (1/ws)/ (dP/dδ).
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In Figure A.3 (a) the phasor diagram for the limiting steady-state condition is shown. It
should be noted that in this condition current is always leading. The following figures,
3(b), (c) and (d), show the phasor diagrams for various operational conditions.

Figure A. 3 Limiting steady-state condition
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Another interesting operating condition is variable power and constant excitation. This
is shown in Figure A.4. In this case as V and E are constant when the power from the
turbine is increased δ must increase and the power factor will change.

Figure A. 4 Operating at variable power and constant excitation

It is convenient to summarize the above types of an operation in a single diagram or chart
which will enable an operator to see immediately whether the machine is operating
within the limits of stability and rating.

The performance chart of a synchronous generator:

Consider Figure A.5 (a), the phasor diagram for a round-rotor machine ignoring
resistance. The locus of constant IXs, I, and hence MVA is a circle and the locus of
constant E a circle. Hence,
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To obtain the scaling factor for MVA, MVAr and MW the fact that at zero excitation, E
= 0 and IXs = V, is used, from which I is V/Xs at 90o leading to 00’, corresponding to
VAr/phase. Figure A.5 (b) represents the construction of a chart for a 60 MW machine.

Figure A. 5 Performance chart for synchronous machine
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The chart will refer to complete three-phase values of MW and MAVr. When the
excitation and hence E are reduced to zero, the current leads V by 90o and is equal to
(V/Xs), i.e. 11.800/√3 x 2.94. The leading vars correspond to this = 11.8002/2.94 = 47
MVAr.
With center 0 a number of semicircles are drawn of radii equal to various MVA loadings,
the most important being the 75 MVA circle. Arcs with 0’ as center are drawn with
various multiples of 00’ (or V) as radii to give the loci for constant excitation. Lines may
also be drawn from 0 corresponding to various power factors, but for clarity only 0.8 pf
lagging is shown.

The operational limits are fixed as follows. The rated turbine output gives a 60 MW limit
which is drawn as shown, ie line efg, which meets the 75 MVA line in g. The MVA arc
governs the thermal loading of the machine, ie the stator temperature rise, so that over
portion gh the output is decided by the MVA rating. At point h the rotor heating becomes
more decisive and the arc hj is decided by the maximum excitation current allowable, in
this case assumed to be 2.5 p.u. The remaining limit is that governed by loss of
synchronism at leading power factors. The theoretical limit is the line perpendicular to
00'’at 0’’ (ie δ = 90o), but in practice a safety margin is introduced to allow a further
increase in load of either 10 or 20 percent before instability.

In Figure A.5 a 10 percent margin is used and is represented by ecd: it is constructed in
the following manner. Considering point ‘a’ on the theoretical limit on the E = 1 p.u.
arc, the power 0’ a is reduced by 10 percent of the rated power (ie by 6MW) to 0’ b; the
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operating point must, however, still be on the same E arc and b is projected to c which is
a point on the new limiting curve. This is repeated for several excitations giving finally
the curve ecd.
The complete operating limit is shown shaded and the operator should normally work
within the area bounded by this line.
As an example of the use of the chart, the full-load operating point g (60 MW, 0.8 PF.
lagging) will require an excitation E of 2.3 p.u. and the measured load angle δ is 33o.
This can be checked by using, power = VE/Xs sin δ, ie
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APPENDIX B
PER UNIT SYSTEM

For the analysis of electrical machines or electrical machine system, different values are
required, thus, per unit system provides the value for voltage, current, power, impendence
and admittance. The Per Unit System also makes the calculation easier as all the values
are taken in the same unit. The per unit system is mainly used in the circuit where variation
in voltage occurs.
Per unit value of any quantity is defined as the ratio of actual value in any unit and the
base or reference value in the same unit. Any quantity is converted into per unit quantity
by dividing the numeral value by the chosen base value of the same dimension. The per
unit value are dimensionless.

The base values can be selected arbitrarily. It is usual to assume the base values as given
below





Base voltage = rated voltage of the machine
Base current = rated current of the machine
Base impedance = base voltage /base current
Base power = base voltage x base current

Firstly the value of base power and the base voltage is selected, and their choice
automatically fixes the other base values as:

92

Putting the value of base current from the equation (1) in equation (2) we get

Putting the value of base current from the equation (1) in the equation (3) we get
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Now,

Putting the value of base impedance from the equation (4) in the equation (5) we will get
the value of impedance per unit
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APPENDIX C
MATLAB CODE USED FOR SYSTEM MODELLING

clear all;
clc;
Vt=1; Xd=1.97; Xq=1.9; Xdd=0.3; Xe=0.4;
H=3;M=2*H; D=0; f=50; Tdo=6.84;W0=2*pi*f; KA=100; TA=.02;
%Vt=1.01;Xd=1.6;Xq=1.55;Xdd=.32;Xe=.4;D=0;H=5;M=2*H;W0=2*pi*50;
Tdo=6;KA=200;TA=.02;ss=.5;M=15;Xe=.2;KA=25;%
M=M+ss*M;Xd=Xd+ss*Xd;Xq=Xq+ss*Xq;Xdd=Xdd+ss*Xdd;
%.................
KK = zeros(15,17,6);
% PP=[.1,.2,.3,.4,.5,.6,.7,.8,.9,1,1.1,1.2,1.3,1.4,1.5];
% QQ=[-.8,-.7,-.6,-.5,-.4,-.3,-.2,-.1,.0,.1,.2,.3,.4,.5,.6,.7,.8];
for i = 1 : 15
P0 = i/10;

%

P = [.1 to 1.5]

%

Q = [-.8 to .8]

for j = 1 : 17
Q0 = (j-9)/10;

Iq0 = (P0*Vt)/(sqrt((P0*Xq)^2 + (Vt^2+(Xq*Q0))^2));
Vd0 = Iq0*Xq;

Vq0 = sqrt(Vt^2-Vd0^2);

Id0 = (Q0+(Xq*Iq0^2))/Vq0;

Eq0 = Vq0+(Id0*Xq);

E0 = sqrt((Vd0+(Xe*Iq0))^2 + (Vq0-(Xe*Id0))^2);
del0 = atan ((Vd0+Xe*Iq0)/(Vq0-Xe*Id0));
%............................................
K1=((E0*Eq0*cos(del0))/(Xe+Xq))+(((XqXdd)*E0*Iq0*sin(del0))/(Xe+Xdd));
K2 = E0*sin(del0)/(Xe+Xdd);
K3 = (Xe+Xdd)/(Xd+Xe);
K4 = ((Xd-Xdd)*E0*sin(del0))/(Xdd+Xe);
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K5=((Xq*Vd0*E0*cos(del0))/(Vt*(Xe+Xq)))((Xdd*Vq0*E0*sin(del0)/(Vt*(Xe+Xdd))));
K6 = (Xe*Vq0)/(Vt*(Xe+Xdd));
KK(i,j,:)=[K1,K2,K3,K4,K5,K6];
end
end
% PP=[.1,.2,.3,.4,.5,.6,.7,.8,.9,1,1.1,1.2,1.3,1.4,1.5];
% QQ=[-.8,-.7,-.6,-.5,-.4,-.3,-.2,-.1,.0,.1,.2,.3,.4,.5,.6,.7,.8];
%

%subplot(2,3,1),mesh(QQ(8:16),PP(1:10),KK(1:10,8:16,1))

%

mesh(QQ(7:16),PP(1:9),KK(1:9,7:16,6))

%

%mesh(QQ(1:17),PP(1:15),KK(1:15,1:17,2))

%

xlabel('Q')

%

ylabel('P')

%

zlabel('K 6')

%% ...........
B = [0;0;0;KA/TA]; C = [0,1,0,0];
J = [0,0;1/M,0;0,0;0,KA/TA];
%%..............
% P0=(.1,.2,.3,.4,.5,.6,.7,.8,.9,1,1.1,1.2,1.3,1.4,1.5)
% Q0=(-.8,-.7,-.6,-.5,-.4,-.3,-.2,-.1,.0,.1,.2,.3,.4,.5,.6,.7,.8)
% case1 .. P=.5, Q= 0 ..... light load
P=5;Q=9;
K11 = KK(P,Q,1) ; K12 = KK(P,Q,2) ; K13 = KK(P,Q,3);
K14 = KK(P,Q,4) ; K15 = KK(P,Q,5) ; K16 = KK(P,Q,6);
A1 = [0,W0,0,0;-K11/M,-D/M,-K12/M,0;-K14/Tdo,0,-1/(K13*Tdo),1/Tdo;KA*K15/TA,0,-KA*K16/TA,-1/TA];
%% .......
% case2 .. P=.9, Q=.3 ..... normal load
P=9;Q=12;
K11 = KK(P,Q,1) ; K12 = KK(P,Q,2) ; K13 = KK(P,Q,3);
K14 = KK(P,Q,4) ; K15 = KK(P,Q,5) ; K16 = KK(P,Q,6);
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A2 = [0,W0,0,0;-K11/M,-D/M,-K12/M,0;-K14/Tdo,0,-1/(K13*Tdo),1/Tdo;KA*K15/TA,0,-KA*K16/TA,-1/TA];
% case3 .. P= 1, Q=.8 ..... heavy load
P=10;Q=17;
K11 = KK(P,Q,1) ; K12 = KK(P,Q,2) ; K13 = KK(P,Q,3);
K14 = KK(P,Q,4) ; K15 = KK(P,Q,5) ; K16 = KK(P,Q,6);
A3 = [0,W0,0,0;-K11/M,-D/M,-K12/M,0;-K14/Tdo,0,-1/(K13*Tdo),1/Tdo;KA*K15/TA,0,-KA*K16/TA,-1/TA];
% case4 .. P=.6, Q=-.6 ..... normal (leading power factor) load
P=6;Q=3;
K11 = KK(P,Q,1) ; K12 = KK(P,Q,2) ; K13 = KK(P,Q,3);
K14 = KK(P,Q,4) ; K15 = KK(P,Q,5) ; K16 = KK(P,Q,6);
A4 = [0,W0,0,0;-K11/M,-D/M,-K12/M,0;-K14/Tdo,0,-1/(K13*Tdo),1/Tdo;KA*K15/TA,0,-KA*K16/TA,-1/TA];
% case5 .. P=1.1, Q=-.8 ..... heavy (leading power factor) load
P=11;Q=1;
K11 = KK(P,Q,1) ; K12 = KK(P,Q,2) ; K13 = KK(P,Q,3);
K14 = KK(P,Q,4) ; K15 = KK(P,Q,5) ; K16 = KK(P,Q,6);
A5 = [0,W0,0,0;-K11/M,-D/M,-K12/M,0;-K14/Tdo,0,-1/(K13*Tdo),1/Tdo;KA*K15/TA,0,-KA*K16/TA,-1/TA];
b= -145; Wco = 12 ; Wop = 5*Wco;%-120, -178
bN= -145; WNco = 12 ; WNop = 5*WNco;
% bd= 2955.4; Wcod = 4 ; Wopd = 10*Wco; AAA=A2;
% ww=2*pi*1;
delta=.005;alpha=.25;
At=A5;
%% ....
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APPENDIX D
SIMULINK ADAPTIVE NEURAL NETWORK LIBRARY

The Simulink library here described is enclosed in the file “ann.zip”, which can be freely
downloaded from The Mathworks .file exchange web site:
http://www.mathworks.com/matlabcentral/fileexchange
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