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ABSTRACT 

This thesis proposes a new self-tuning control strategy. This control strategy makes use of 

the recursive least squares identification technique with a variable forgetting factor and the pole-

shifting self-tuning control method with the variable pole-shifting factor. The use of the variable 

forgetting factor guarantees good parameter tracking and the variable pole-shifting factor always 

results in a very smooth control action and a very stable closed-loop system . 

A self-tuning power system stabilizer based on the proposed self-tuning control strategy is 

investigated extensively in the thesis from different aspects. 

A single-machine infinite -bus system is used to simulate the property of the proposed stabil-

izer in improving the system dynamic stability and transient stability. 

A multi-machine power system with an infinite bus is used to investigate the ability of the 

proposed stabilizer to cooperate with other stabilizers and the inter-connections between the various 

parts of a large power system. 

A multi-machine model with the multi-mode oscillations is used to examine the performance 

of the proposed stabilizer in damping out both the local and the inter-tie oscillations. 

A single-machine infinite-bus system with the series capacitor compensated transmission line 

is used to study the interaction between the proposed stabilizer and the sub-synchronous resonance 

problem. 

All these results show that the proposed stabilizer works effectively in various power system 

situations. 

A dual rate self-tuning control technique presented in this thesis aims to further improve the 

performance of the proposed self-tuning control strategy. In this technique the system identification 

and the control are performed separately. In this way, the control rate of the micro-computer based 

self-tuning controller can be increased considerably. Simulation of a stabilizer using dual rate self-
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tuning control technique shows a greatly improved performance. 

Implementation of the dual rate self-tuning power system stabilizer and the on-line test 

results are also presented in this thesis. The laboratory environment implementation results verify 

the theoretical analysis and the simulation results , and show the possibility of the practical use of 

the proposed self-tuning stabilizer. 
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CHAPTER 1 

INTRODUCTION 

1.1. Power System Stability 

The rapid expansion of electrical utility systems and the increasing number of interconnec-

tions between these systems present complex operating and control problems. Abnormalities or dis-

turbances can perturb the normal operating conditions --terminal voltage or synchronous speed-- of 

the generating units. A good system should have the ability to return to its normal operating condi-

tion after a disturbance. The present-day tendency of operating generators with small stability mar-

gins has made the stability problem even more serious[l-3]. As stability is ultimately concerned 

with the quality of electric supply, it is one of the main topics of power system research. 

The notion of stability is common to all physical systems. However, the power system stabil-

ity has some special features which are different from that of the other systems. The definition of 

stability, as applied to power systems, may be stated as below [1]: 

If the oscillatory response of a power system during the transient period following a dis-

turbance is damped and the system settles in a finite time to a new steady operating con-

dition, the system is said to be stable. If the system is not stable, it is considered unstable. 

According to this definition, the system response of continuous oscillation without enough 

damping is considered to be unstable even though it is considered stable in the sense of Liapunov 

[4]. 

A power system is usually a very large scale system. It contains hundreds or even thousands 

of interconnected electric elements. Many elements are highly non-linear and some of them are 
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combinations of electrical and mechanical parts which have different dynamic behavior. Interac-

tions between electrical and mechanical parts in an individual element, and the interactions between 

the elements result in complicated system dynamic and transient behavior, and consequently various 

kinds of unstable characteristics [5-7]. Thus, it can be seen that it is not easy to analyse the power 

system stability. In order to simplify the analysis, power system stability is considered in its three 

aspects [8-10], namely: 

(1) Steady state 

(2) transient and 

(3) dynamic stability. 

Generally, there is no difficulty in understanding the steady-state stability and the transient 

stability. The former refers to the behavior of a power system around a fixed operating point, 

equilibrium point, and no disturbance is considered. Therefore, it depends only upon the system 

operating conditions. Transient stability refers to the ability of the power system to survive a large 

impact. The unstable situation always results in the loss of synchronism during the first one or two 

swings after the disturbance. Usually this kind of stability depends strongly upon the magnitude 

and location of the disturbance and to a lesser extent upon the initial state or operating condition of 

the system [1]. 

In the general control theory, dynamic and transient stabilities usually specify the same sys-

tem property, whereas they are quite different in the power systems. The power system dynamic 

stability deals with the stability of a synchronous machine under the condition of small load 

changes. It differs from the steady-state stability because it assumes that the system is steady state 

stable and the system is subjected to small disturbances. It differs from the transient stability 

because no major shock or impact is considered. The unstable situation in this case always results 

in long term low frequency oscillations [9]. If the damping existing in the system is not strong 

enough, the long term oscillations will become larger and larger, and eventually will make the sys-

tem lose synchronism. In contrast to transient stability, dynamic stability tends to be a property of 
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the state of the system. 

Over the years considerable efforts have been devoted to enhance the power system stability 

in various ways. These attempts can be divided in to three broad groups as below: 

( 1) generator excitation control [ 11-17]; 

(2) generator input power control [18-20]; and 

(3) system operating condition and configuration control [21-25]. 

For a particular problem, any one or more of the above methods can be used. The excitation 

control is more prefered due to the following reasons: 

(1) generally speaking, the electrical system has much smaller time constant than the mechanical 

system. 

(2) an electrical control system is more economical and easy to implement than a mechanical 

control system. 

(3) because of small loop time constant, an electrical control system is effectively a continuously 

acting system. Consequently, it usually gives smooth system response. 

1.2. Excitation Control in Power Systems 

Excitation controllers have been used widely in the power systems for many years [26-27]. 

The main aim of using excitation control is to achieve an acceptable voltage profile at the consu-

mer terminal and to effectively control the reactive power flow in the network. It is generally 

recognized that high gain, short time constant and high ceiling voltage excitation control usually 

results in greatly increasing both the steady state and transient stability limits of the system [28-29] . 

Although it is also found that this high performance excitation sometimes provides negative damp-

ing, it does not seem to have caused any serious problem in the early power systems [30-31]. 

To meet the growing demand for economical and reliable power, power systems are intercon-

nected. As the size of the interconnected systems grows, the possibility of withstanding unexpected 
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disturbances without loss of system stability increases. The deterioration of the system dynamic sta-

bility due to high performance excitation system becomes evident. It has been found that inap-

propriately chosen controller parameters will greatly decrease the system damping and even make it 

negative at times [19,26]. Significant amount of research has, therefore, been conducted on the 

development of compensating control for providing the required system stability [33,34,68]. Essen-

tially the problem is to improve the dynamic and transient performance of the power system. Vari-

ous methods have been proposed. Generally they can be divided in to two broad groups: 

( 1) Design new excitation controller based on modem control theory to replace the old ones [32-

36]; 

(2) Improve the performance of the presently used excitation controllers by introducing a supple-

mentary control signal [66,68,71]. 

A typical example in group (1) is the use of optimal control theory. In the 70's, considerable 

attention was given to this area. In this approach, a scalar performance index in both the system 

state variables and the system inputs is minimized. By solving the algebraic matrix Riccati equa-

tion, the solution for a linear system is a linear combination of all the state variables. The main 

advantages of this approach are: 

(a) It always results in a stable closed-loop system if the state space equation is exact enough 

and the control constraints are not violated significantly. 

(b) linear feedback of the state variables is easy to be realized in the practical system if all the 

variables are measurable and the system order is not too high. 

This approach has the following drawbacks: 

(a) the optimal solution is sensitive to the mathematical model of the system to some extent 

[37,38,43], and determination of the exact model is sometimes difficult. 

(b) the power system is actually a non-linear system. It is very difficult to represent it by a linear 

model. Although modifying the model on-line can solve this problem, it will also require 
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solving the matrix Riccati equation on-line. This is very time consuming. 

(c) the control output depends upon the selection of two weighting matrices Q and R. It is not 

easy to select appropriate values of Q and R. 

(d) power systems are very high-order systems. The calculation of optimal control needs all the 

state variables. Sometimes it is difficult to get all the state variables and some of them may 

even be unmeasurable. 

Alternative ways are used to overcome these problems. For example, the piece-wise lineari-

zation method is used to solve the problem of non-linearity [39]; dominant pole shifting method is 

used to solve the difficulty of selecting Q and R matrices [ 40]; and different kinds of observers are 

used to determine the unmeasurable state variables [41,42]. But the requirement of all the state 

variables' feedback is still a difficult problem to solve [5]. 

Other methods, such as sub-optimal control which only needs part of the state variables' 

feedback [44-49], and bang-bang control which is based on the time optimal control theory [12,49] 

have also been introduced. But the difficulty of "high order" still remains. 

A typical method in group (2) is to use a power system stabilizer (PSS) [50-52,66]. The con-

ventional PSS is based on the use of a transfer function with the classical control theory. A supple-

mentary stabilizing signal derived from, say speed deviation, power variance or accelerating power, 

and a phase compensa_ting network to compensate for the phase difference from the excitation con-

troller input to the damping torque output, is introduced to the excitation controller. By appropri-

ately tuning the phase and gain characteristics of the compensation network, it is possible to make 

the system have the desired damping ratio [53]. The PSS is widely used in the power systems these 

days and has proved effective in enhancing power system dynamic stability [54,68,73]. 

It has been found that both the excitation controller based on the optimal control theory and 

the PSS based on the classical control theory face the same problems of system non-linearity, 

unpredictability of perturbations and the changes in operating conditions from the nominal value on 

which these designs are based [52,55,56]. 
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1.3. Adaptive Control 

Perhaps, a brief review of adaptive control is useful to understand why adaptive control has 

been chosen to design a power system stabilizer. According to the Webster's dictionary, "adaptive" 

means "to change (oneself) so that one's behavior will conform to new or changed circumstance." 

With specific reference to the physical systems, the adaptive control is initially definded as follows 

[57]: 

"Intuitively an adaptive regulator can change its behavior in response to change in the 

dynamics of the process and the disturbances." 

From these ambiguous definitions, it is still difficult to know what kind of control is refered 

to here by the term "adaptive control", because all kinds of controls such as open-loop control, 

closed-loop feedback control with constant parameters, closed-loop feedback control with changing 

parameter.s according to the process dynamics, and the learning system, have different degrees of 

ability to change their behavior according to the system changes. So, Astrom finally adopted the 

definition [58]: "adaptive control is simply a special type of nonlinear feedback control". According 

to this definition, adaptive control is nothing but a feedback control. The only difference is that it 

uses variable feedback gains instead of the constant gains. This will make the control more 

appropriate to the operating conditions. After this, whenever the term 'adaptive control'is used in 

this thesis, it always refers to this particular type of feedback control. 

The term and the concept of adaptive control were introduced in the 50' s. An attempt to 

design a high performance autopilot aircraft led to this research [59]. The ordinary constant-gain, 

linear-feedback system works well in the operating condition in which it is set. However, its perfor-

mance deteriorates when the operating conditions change. The wide range of operating conditions 

of the aircraft requires the controller to automatically change its control parameters and feedback 

gains to match the operating conditions. This first attempt failed due to two principal difficulties, 

i.e. lack of suitable computation technology for implementation and absence of adequate supporting 

theory. It did, however, introduce a new way of forming a more suitable controller. 
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Twenty years later, in the 70's, as the development of control theory made it possible to 

better understand adaptive control and the rapid development in micro-computer technology pro-

vided an easy and cheap way to implement it, interest in the adaptive control was aroused again 

[60,61]. Various types of adaptive controls were then proposed. 

All adaptive control techniques can be classified in two main categories: direct adaptive con-

trol and indirect adaptive control [60,62]. 

(1) Direct adaptive control: In this kind of control, the controller parameters are adjusted so that 

the output coordinate of the system agrees with that of a reference model. Usually the value 

of mismatch between the controlled coordinates of the system and the model is used to per-

form parameter adjustment. Sometimes it is required that the transfer functions of the closed-

loop system and the reference model be identical. In this case, their frequency characteristics 

are used This kind of adaptive control is often refered to as the model reference adaptive 

control [63]. 

(2) indirect adaptive control: In this kind of adaptive control, the object is to control the system 

so that its behavior has the given properties. The controller can be thought of as composed of 

two loops. One loop, called the inner loop, consists of the process and an ordinary linear 

feedback controller. The parameters of the controller are adjusted by the second, called the 

outer loop, which is composed of a recursive parameter estimator. 

Other adaptive control strategies such as gain scheduling adaptive control and dual adaptive 

control are presented in [64] and [65]. 

1.4. Why Self-tuning Control For PSS 

As mentioned above, the conventional PSS (same as the optimal control) is based on the 

deterministic control theory. It has to be designed for some particular operating condition around 

which a linearized model is obtained Usually this operating condition is chosen where the control 



8 

is needed most [52]. The high nonlinearity, very wide range of operating conditions and non-

deterministic properties of the actual power system present the following problems to the conven-

tional PSS: 

(1) how to chose a proper transfer function for the PSS that gives satisfactory supplementary sta-

bilizing signal covering all frequency ranges of interest. 

(2) how to effectively tune the PSS parameters. 

(3) how to automatically track the variation of the system operating conditions. 

(4) how to consider the interaction between the various machines. 

A lot of research has been carried out to solve the above problems. Different PSS transfer 

functions associated with different systems have been proposed [8,66-71] . Various tuning tech-

niques have been introduced to effectively tune the PSS parameters [72-75]. Effective placing and 

mutual cooperation between the PSSs in a multi-machine power system are also presented in 

[9,76,77]. Detailed analysis of PSS can be seen in [52, 78]. Further research on analysing the PSS 

behavior in other power system problems, such as self-excitation, tortional oscillation and sub-

synchronous resonance are reported in [52,79-82]. But how to design an ideal PSS which can 

automatically adjust its parameters to the system operating conditions is still a little studied area 

[83] . Recently, variable structure control theory was introduced to the PSS. It solves the parameter 

tracking problem to some extent [84]. The idea of designing a more suitable PSS based on the 

adaptive control theory leads to the following research. 

Control of an unknown or varying system has been a challenging and difficult problem for a 

long time. The adaptive control theory, as mentioned above, provides a possible way to solve such 

a problem. For this reason it has attracted considerable attention in the past 15 years. Many results , 

both theoretical and experimental, have been reported [85]. Successfull use of adaptive control 

theory in many industries has been reported in [86,87]. Some attempts have also been made to 

introduce adaptive control theory to the power systems [88-90]. 
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Self-tuning control as one of the most effective and easy adaptive controls has recently 

received great interest because it is flexible, easy to understand and easy to implement with 

microprocessors [58,90-95]. Since it's first introduction in 1973 [60], many developments have 

taken place. Application of the self-tuning control to a variety of physical systems has been 

reported with encouraging results [97,98]. In contrast, very little work is reported in regard to its 

application to power systems [99-101]. The self-tuning control theory based PSS (SPSS) presented 

in [102] and [66] showed promising results. 

1.5. Thesis Objective 

The SPSS proposed in reference[102] uses a fixed forgetting factor in the recursive least 

squares identification algorithm and a fixed pole-shifting factor in the pole-shifting control strategy. 

Simulation and the laboratory environment implementation results showed that whereas the recur-

sive least squares identification and pole-shifting control strategy make a very effective and easy 

adaptive control algorithm for the SPSS design, the following problems exist in this algorithm: 

( 1) the fixed forgetting factor, which is less than one to guarantee fast parameter tracking, will 

sometimes cause the error covariance matrix P to blow-up. 

(2) the fixed pole-shifting factor do not guarantee that the SPSS always provides maximum 

damping to improve dynamic stability. 

(3) it is difficult to choose appropriate value for these two factors. 

In addition to these points, further research is required on the following aspects: 

(1) detailed analysis of the pole-shifting based SPSS. 

(2) behavior of the SPSS when used in the multi-machine power system. 

(3) effectiveness of SPSS in damping the multi-mode oscillations. 

(4) use of SPSS in systems exhibiting sub-synchronous resonance. 
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(5) effect of control rate on system performance. 

The main aim of this thesis is to answer and solve the above mentioned questions. 

1.6. Organization Of The Thesis 

This thesis is composed of 9 chapters. 

Chapter 2 serves as a brief review of the self-tuning control and its development. Various 

identification techniques are discussed with an emphasis on the least squares identification tech-

nique using the variable forgetting factor. Two major kinds of control algorithms, generalized 

minimum variance control and pole/zero assignment control, are also discribed. A particular contri-

bution of this Chapter is the investigation and establishment of interconnections between various 

control strategies. 

In Chapter 3, a new algorithm of self-tuning control is proposed. The identification used in 

this algorithm is the least squares identification with variable forgetting factor presented in Chapter 

2. The control strategy used is a pole-shifting method, an improved pole-assignment control 

method, but with a variable pole-shifting factor. All the details for designing this new self-tuning 

control are discussed. By using this new algorithm, a novel SPSS is introduced. 

Simulation and detailed analysis of the proposed SPSS behavior in a one machine, infinite-bus 

power system are given in Chapter 4. Simulation results show the performance of the SPSS when 

the system is subjected to different kinds of disturbances. The analysis which includes frequency 

response analysis, "z" plane root locus analysis, system dynamic stability analysis, and system tran-

sient stability analysis, is carried out on a wide range of system operating conditions. 

The behavior of the SPSS in the multi-machine power system is given in Chapter 5 where a 

four machine including an infinite bus system is used. Properties of the SPSS working in coopera-

tion with the conventional PSS and the other SPSSs are described. 
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Chapter 6 deals with a special and very important problem, i.e. multi- mode oscillation prob-

lem. The ability of the SPSS to damp out multi-mode oscillations is first discovered. The analysis 

of this is also given in this chapter. 

Chapter 7 investigates the behavior of the proposed SPSS in the sub-synchronous resonance 

(SSR) problem. A detailed mathematical model is used for a turbo-generator unit connected to an 

infinite bus with a series compensation capacitor. Test results show that with the help of a filter, the 

SPSS can work very well in a power system with sub-synchronous oscillations. In addition, by 

adding a supplemental loop, the SPSS can accomodate the SSR problem. 

Further attempt at improving the properties of the proposed SPSS by using multi-

microprocessors for implementation is given in Chapter 8. A dual rate idea is introduced Simula-

tion, implementation and test results of the dual rate SPSS are also given in this chapter. 

Conclusions and comments on further research topics for bringing this research to the practi-

cal use are given in Chapter 9. 
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CHAPTER 2 

SELF-TUNING CONTROL 

2.1. Introduction 

As mentioned in Chapter 1, self-tuning control is one form of adaptive contr(?l which has the 

ability of self-adjusting its control parameters according to the systelll conditions. This kind of con-

trol was first proposed by Astrom and Wittenmark for solving the stochastic minimum variance 

control problem [60]. Although linear and non-linear stochastic control theories have provided use-

ful tools for the design of controllers for stochastic industrial processes, "their evaluations are usu-

ally rather time consuming" [103]. On the other hand, self-tuning control provides a very simple 

and effective technique. Although the original self-tuning regulator was introduced to control sys-

tems with constant but unknown parameters, it has also been found effective in controlling systems 

with slowly varying parameters [61]. Important theoretical problems related to self-tuning control , 

such as the stability and con- vergence, have been solved for some simple algorithms under ideal-

ized conditions [ 104-107]. 

Self-tuning control can be used for both the regulation problem and the servo problem [108-

109]. As the main aim of this thesis is to design a self-tuning control based PSS, the discussion in 

the thesis mainly concerns the regulation problem. Therefore, the term self-tuning regulator is used. 

The self-tuning control is based on the "certainty equivalence principle (hypothesis)" of the 

stochastic control theory. According to this principle, a stochastic problem can be solved in the fol-

lowing two steps, i.e. a system identification and a deterministic control problem. This principle 

has been proven true for only a few stochastic control problems, e.g., the linear quadratic normal 

distribution noise problem, and is not a general conclusion. Thus each case should be examined 
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carefully before practical use. However, in practice, this principle is always used without examining 

its truth. Two reasons support this. First, the proof of its truth is usually very difficult and some-

times impossible. Second, many practical results have shown that this control is always effective. 

In fact, there is no other better way [60]. Of-couse, this can not guarantee the desired result in the 

general case. 

Although from the theoretical point of view the "black box approach" is attractive, neglecting 

some available knowledge often leads to solutions which are highly wasteful. In many practical 

applications, there may be very useful "a priori" information, such as, the system order, the dynamic 

characteristics etc, available about the controlled systems. Although for some kind of adaptive con-

trol such as learning system, less "a priori" information is needed, it will be seen later that all this 

information is needed in order to design a high quality self-tuning controller. The 'black box' solu-

tion, i.e. a system without any tuning knobs that would give a good closed-loop performance, no 

matter what system it is connected to, is still far away. It is also questionable if such a solution is 

desirable.[62, 110] 

From the general configuration of the self-tuning control shown in Fig.2.1, it can be seen that 

the self-tuning controller contains two loops, an inner loop or the control loop and an outer loop 

that adjusts the parameters of the regulator in the inner loop. Consequently, the self-tuning control 

is composed of two parts, system identification and control calculation. Different combinations of 

various identification techniques and various control strategies will result in different kinds of self-

tuning controllers. In this chapter, some commonly used identification methods and control stra-

tegies are discussed. 

2.2. System Identification 

System identification is a very important area. It is widely used in many disciplines, such as 

broadcast theory, geology, hydrology, communication, control, etc. The earliest used identification 

method is the least squares method. The history of the least squares method began in 1795 when 
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the inventor of this approach, Karl Friedrich Gauss, formulated its basic concept and used it for 

astronautical computations [111]. Since that time the method of least squares has been applied to 

many problems. Its properties have been analyzed and numerical procedures have been proposed in 

order to obtain better results with a reasonable number of arithmetic operations. At the same time 

other identification methods have also been developed [112-115]. 

The problem of identification can be formulated as the evaluation of a system model 

representing the essential aspects of an existing system and representing the knowledge of that sys-

tem in a useful form [116]. Although the system identification includes both the model 

identification and parameter identification, only the parameter identification is discussed here for 

use in the self-tuning control. 

The identification algorithms may be "off-line" or "on-line". The off-line or non-real time 

algorithms are generally more accurate than on-line or real time algorithms since they may repro-

cess data several times. But in a self-tuning regulator, on-line algorithms are used since all the data 

must be processed in real time. Another important feature of the on-line identification is that it only 

stresses the very important features of the system, i.e. the final model should represent only the 

essential properties of the dynamic system and present these properties in a suitable form. It means 

that it is not expected to obtain an exact mathematical description of the physical system and that it 

is prefered to have a model fitted for the specific application. The general requirements for a sys-

tem identification algorithm may be summerized as follows [ 117]: 

(1) it should be mathematically tractable; 

(2) it should be easily implementable; 

(3) it should be generally applicable; 

( 4) it should yield an "optimal" identification; 

(5) it should yield an acceptable speed of convergence. 
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It is generally recognized that an appropriate mathematical model, a proper test (input) signal 

and a pre-selected identification scheme are the three main aspects in system identification [118] 

and all these aspects are closely connected. 

2.2.1. System And Model 

The system is a physical object that generates the observed output signal, y(t), at time t. 

Many systems also have a measurable input signal, u(t). For a stochastic system, any one or both 

of the input and output may be corrupted with noise as shown in Fig. 2.2. In this thesis only the 

single input and single output system is discussed. 

The knowledge of the properties of a system is generally called a model. It can be given in 

any one of several different forms, Graphic models and Mathematical models. In order to solve a 

problem, a model of the system is always necessary. For some purposes, the model need not be 

very sophisticated. Mathematical models are necessary, however, when complex design problems 

are treated. Although all practical processes are non-linear, good regulation can generally be 

achieved by using a linear model or transfer function, given by local linearization around the 

current operating point The mathematical models considered in this thesis are only of the discrete 

form (difference equation) due to the digital computer application. The following are the two main 

kinds of discrete mathematical models frequently used in the self-tuning regulator design. 

2.2.1.1. Linear Regression (LR) Model 

This model takes the form: 

(2.2.1 ) 
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where 

y(t) is the output signal 

u(t) is the input signal 
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e(t) e{e(t)} is assumed to be a sequence of independent random variables with zero mean. 

is the system time delay 

A(z-1) and B(z-1) are polynomials in the delay operator z-1 

(2.2.2) 

(2.2.3) 

and 

The graphic representation of this model is shown in Fig. 2.3. 

2.2.1.2. An ARMAX Model 

The generalized stochastic system is shown in Fig. 2.2, in which u(t) and y(t) are observed 

input and output sequences. They are corrupted with the white noise ~(t) and ~(t), respectively. 

w(t) = u(t) + ~(t) (2.2.4) 

x(t) = y(t) - ~(t) (2.2.5) 
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Suppose that the system input and output satisfy the following linear difference equation 

where A(z-1
) and B(z-1) are defined in Eqn.2.2.2 and Eqn.2.2.3,respectively. 

Substituting Eqns.2.2.4 and 2.2.5 in Eqn.2.2.6 and re-organizing gives 

(2.2.6) 

(2.2.7) 

where e(t) E {e(t)} is also a sequence of independent random variables with zero mean and 

C(z-1) is a polynomial in z-1 • 

(2.2.8) 

where 

c; , (i = l, ... ,nc) is a function of ai , (j = l, ... ,na) , b,. , (k = l, ... ,nb) , and l . 

The model Eqn.2.2.7 is called the ARMAX (auto regressive(AR) moving average(MA) 

control(X)) model. 

Other models, such as the state space model, are generally used for the multi-input multi-

output system. 

Selection of the mathematical model, of-course, mainly depends upon the knowledge known 

about the system. It will be seen that the selection of the mathematical model will decide the 

identification algorithm to be used. For this reason, reasonable simplification of the mathematical 

model is sometimes necessary for practical use. 
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2.2.2. Test Signal 

It is commonly recognized that in order to identify a system, the system has to be excited, 

otherwise no information can be obtained from the system. It is also well known that significant 

simplification in the computations can be achieved by chosing input signal of a special type, e.g. 

impulse function, step function, "colored" or white noise, sinusoidal signal, pseudo-random binary 

noise(PRBS). 

From the point of view of application it seems highly desirable to use techniques which do 

not need strict limitations on the input But this is almost impossible in practice. The natural ques-

tion then becomes: if the input signal can be chosen, how should this be done? It has been proved 

that the persistent excitation is a sufficient condition to generate consistent estimation for least 

squares and maximum likelihood identification techniques. The persistent excitation can be formu-

lated as follows: 

the limits 

l==N 
- 1· 1 () u = 1m - k.J u t 

N~ N t=l 

Ru(i) = lim ..!. Y { u(k) - u } · { u(k+i) - u } 
N-+- N K=l 

exist and the matrix S" defined by 

iJ = l, ... ,n 

is positive definite[l 19]. 

7 
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Two kinds of input signals, the PRBS and the white noise, are commonly used in the self-

tuning control. It is easy to verify that these signals can satisfy the persistent excitation conditions. 

Many identification procedures require that the input signal be independent of the distur-

bances acting on the process. If this condition is not fulfilled it might still be possible to identify 

the parameters, but there is no guarantee that the estimated parameters are the correct parameters. 

Each specific case must, however, be analyzed in detail. 

Apart from persistent excitation condition, many applications require that the output be kept 

within specified limits during the experiment. In these cases, there is sometimes a constraint on the 

magnitude of disturbance to the system produced by the input signal. This can usually be satisfied 

by a constraint on the energy of the input signal. Design of the input signal can significantly 

influence the accuracy of parameter estimation when the observations are corrupted by noise. There 

have been many studies concerned with the selection of the best input signal [120]. 

2.2.3. Identification Scheme 

Different identification quality criteria will result in different identification schemes. As men-

tioned before, selection of the identification algorithm is mainly dependent upon the mathematical 

model used, and usually it will affect the next step,i.e.control computation. Several commonly used 

recursive identification algorithms are discussed in Appendix I. 

Generally speaking, more sophisticated identification methods will require more calculation 

time. For this reason, when designing an on-line system identifier, a compromise must be made 

between the quality of identification and a reasonable calculation time among all the possible 

identification methods. 
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2.2.4. Parameter Tracking -- The Use Of Variable Forgetting Factor 

As the Recursive Least Squares (RLS) identification method described in Appendix I has the 

advantages of simple calculation and good convergence properties, it is the preferred technique for 

use in the design of the self-tuning regulator for real-time applications. Theoretically, RLS is 

developed for use with time-invariant system. From Eqn.I.7 it can be seen that the estimated 

parameter 0(t) is the weighted sum of last estimation 0(t-1) and the new prediction error E(t) . 

For a time-invariant system, as time increases, 0(t) tends to 80 • The prediction error E(t) , the 

gain vector K(t) and the covariance matrix P(t) also tend to zero. This means the new informa-

tion from the measurement will not make any contribution to the parameter estimation. This does 

not cause any serious problems for time-invariant systems because in this case the estimated param-

eters have already approached the "true" value. Although this is the only case for which many 

good theoretical results exist, applying the self-tuning control strategy only to linear constant-

parameter systems is of no practical significance. The main aim of using the self-tuning control is 

for time-varying systems. When RLS is used for this type of system, the following problem arises. 

As the gain vector, K(t) , used for up-dating the adaptive parameters, decreases in time, the 

system model error is less taken in to account. This greatly affects the parameter tracking. One way 

to overcome this problem is to periodically reset the P(t) matrix to either a fixed initial value or a 

value depending on the latest P(t) matrix. But in this case, all the past information stored in the 

gain matrix will be lost. 

RLS identification algorithm with a forgetting factor is better adapted to work in real-time 

because the gain matrix does not need to be reset. In addition, past errors are gradually forgotten 

and more attention is paid to recent information. [126-128] 

Introducing the forgetting factor to the RLS algorithm is based on the following analysis. In 

the criterion of the original RLS, the same weight is placed on all individual measurements and 

then the weighted errors are summed together. If the system is time-varying, the estimated value 

given is actually the , average, value. As time increases, the number of measurements also 
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increases. The contribution of each individual measurement to the parameter estimation will 

decrease, including that of the new measurement. Eventually, this contribution will tend to zero 

when the number of measurements becomes very large. At this time the algorithm effectively 

tunes itself off. 

To obtain an estimate that is more representative of the current (i.e. at time N ) properties of 

the system, it is natural to consider another criterion in which the old values are discounted: 

(2.2.9) 

where A< 1 is the forgetting factor. 

This means that the old data is exponentially discounted. The RLS identification algorithm 

with the forgetting factor takes the following recursive form: 

0(t) = 0(t-1) + K(t) · [y(t)-0\t-1) · <!>(t)] 

K(t) = P(t-1) · <l>(t) 
[1 + 4>\t) · P(t-1) · <t>(t)] 

P(t) = [1 - K(t) · q>(t)] · P(t-1) 
A 

with 0(t) and <l>(t) being defined as in Eqns.1.1 and 1.2,respectively, in Appendix I. 

(2.2.10) 

(2.2.11) 

(2.2.12) 

The effect of A in Eqn.2.2.12 is that P(t) and hence K(t) are kept large if A < 1 . This 

makes the algorithm to always remain alert to tracking the changing dynamics. Its convergence pro-

perty has been proved in [129]. 
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The fixed forgetting factor has already been used successfully in practical applications. Many 

results show that if the system is always properly excited, this algorithm will give good parameter 

tracking property for the time varying system. However, there do exist systems which are not 

always "properly" excited. These situations always happen in the power systems. In this kind of a 

system, the injected test signal can not be too large in order to guarantee normal operation. The 

random system perturbations then become the main excitation sources. During the normal operating 

conditions the system is poorly excited, whereas under the large disturbances, the system is over 

excited. The use of the fixed forgetting factor RLS identification will face the following problems: 

(1) It is difficult to select an appropriate A which always gives the best estimated parameters. A 

small value of A gives good parameter tracking for the case of large disturbances but also 

makes the parameters more sensitive to the system noise. A large value of A gives smooth 

parameter estimation which is useful for the steady state operations but results in a slow 

parametertrackingspee~ 

(2) The so called P matrix "blow-up" some-times happens. This problem occurs when the fixed 

forgetting factor A is used and the slowly time-varying system operates in steady state for a 

long time. In this case, as the prediction error tends to zero, Eqn.2.2.12 can be approximately 

represented by (110] 

P(t) = P(t-1) 
A 

(2.2.13) 

This can be obtained by putting q>(t) = 0 in Eqn.2.2.12. This means that the P(t) matrix 

will exponentially tend to infinity. When P(t) becomes very large, any disturbance from the sys-

tem will result in an inapropriate parameter estimation and then a very undesirable control action. 

This will sometimes make the system unstable. 

Many methcxis have been proposed to solve this problem, such as, putting a limit on the 

P(t) matrix; keeping the trace of P(t) matrix constant in each iteration; updating the parameters 
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and the covariance matrix P(t) when P(t) or <l>(t) are sufficiently small; discounting data only 

when new information is detected; switching A between two values associated with two typical 

operating conditions (steady state and a certain reasonable disturbance); etc. [131-133] 

However, a better suggestion seems to be to take A a function of the data. This leads to the 

so called "variable forgetting factor" algorithm. Different variable forgetting factor algorithms have 

been proposed (134,135]. The basic considerations and the calculation algorithm proposed by For-

tescue, Kershenbaum and Ydstie are presented below (92]. 

For a near deterministic system the" a posteriori" error will tell something about the state of 

the estimator at each step. If the error is small, a reasonable strategy will be to retain as much old 

information as possible by choosing a forgetting factor close to unity. If, on the other hand, the 

error is large the estimation sensitivity should be increased by choosing a lower forgetting factor. 

This will shorten the effective memory length of the estimation until the parameters are readjusted 

and the error becomes small. 

Based on these observations, a measure of the information content is defined as: 

l:(t) = A.(t) · l:(t-1) + (1 - ql(t-1) · K(t)] · e2(t) (2.2.14) 

Here, l:(t) can be considered as the weighted sum of the old information l:(t-1) and the 

information from the new measured data E(t) . By keeping L(t) constant, the forgetting factor can 

be calculated as follows: 

A(t) = 1 _ (1 - q?(t-1) · K(t)] · e2(t) 
Lo 

(2.2.15) 

Combining Eqn.2.2.15 with Eqns.2.2.10 through 2.2.12 results in the variable forgetting factor 

least squares identification. This identification ensures that the estimation is always based on the ,_ 
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same amount of information. 

Eqn.2.2.15 can be explained as follows: 

If the system is runing in steady state, e(t) will be very small or equal to zero. This forces 

A near or equal to one which prevents the P(t) matrix from blowing up. Upon the occurrence of 

a disturbance, A decreases as e(t) increases. This improves the parameter tracking property of 

the identifier. 

The L0 in Eqn.2.2.15 is a preselected constant, which can be expressed as 

where, cr2 is the expected measurement noise variance based on the knowledge of the pro-

cess. N0 will control the speed of adaptation as it corresponds to a nominal asymptotical memory 

length. This gives a guideline for choosing L0 • 

2.3. The Control Strategies 

As mentioned before, the control strategy designed for the self-tuning control is based on the 

assumption that the parameters of the system model are known. This implicitly means that all the 

control strategies used for the deterministic control problem can also be used in the self-tuning con-

trol problem. The control strategies used in the deterministic control problem can be broadly 

divided in to two main catagories, optimal control and classical control. 

The optimal control is based on the state space formulation of the system. Its aim is to find 

a control strategy which minimizes some pre-selected performance index. The classical control is 

based on the system transfer function. It aims to make the closed loop system have some desired 

transient properties like overshoot, bandwidth, static error etc. These two kinds of control have 

already been introduced in the self-tuning control. 



27 

The control strategy first introduced in the self-tuning control area was the minimum variance 

(MV) control. The generalized minimum variance (GMV) control is a further development of the 

MV control idea. Both MV and GMV controls belong to the optimal control theory category. Some 

other control strategies, like implicit and explicit linear quadratic gaussian control, are the direct 

extension of optimal control theory to the self-tuning control area. 

Parallel with this, the application of the classical control techniques to the self-tuning control 

area has also been developed. In order to overcome some difficulties facing the optimal control 

theory based self-tuning control, the pole/zero assignment (PZA) control strategy was developed. 

The pole assignment control (PA) strategy simplifies the P'ZA control strategy and makes it more 

suitable for practical use. The pole shifting method (PS) further simplifies the PA control. 

Several commonly used control strategies are presented in Appendix II as a background 

knowledge. 

2.4. Comparative Features of Various Control Strategies 

As different self-tuning control strategies start from different points of view, this naturally 

results in different features. The main features of the MV control strategy are briefly summerized 

as below: 

( 1) it is very simple and hence it is easy to implement. 

(2) if the control converges it will converge to the optimal control, no matter whether the 

estimated parameters are biased or not 

(3) for a nonminimum-phase system, unstable poles are used to cancel the poles outside the unit 

circle. Any error in the mathematical model will result in an unstable closed loop system. 

(4) when a large control signal is required to achieve MV, saturation of the control output due to 

the physical system limits will deteriorate the system response. Sometimes it will make the 

system unstable. 
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(5) MV control is sensitive to the parameter variation. 

In order to solve the problems associated with the MV control, the GMV control has been 

developed. The original MV method is a special case of the GMV method where C(z-1) = 1 , 

na = nb and l = 0 . The main features of the GMV control are: 

(1) It is easy to treat the non-minimum phase system control problem. The closed loop system 

poles are given by 

(2.4.1) 

where Q is defined in Appendix II. 

Appropriately chosen polynomials P(z-1) and Q'(z-1) will result in a stable closed-loop 

system, even if the open-loop system is non-minimum phase or unstable. 

(2) The weighting factor polynomial Q'(z-1) is helpful in limiting the output. 

(3) As with the MV control, if the control converges it will converge to the optimal value. 

(4) It is sometimes difficult to choose the polynomials P(z-1) and Q'(z-1) appropriately. 

(5) Compared with the MV control, more computation is needed. 

(6) This control is also sensitive to the parameter variation. 

The PZA control was developed in parallel with the MV or GMV control. Its properties can 

be summarized as below: 

(1) As the PZA control aims at moving the closed-loop poles and zeros, and not canceling them, 

it always results in a smooth control output which is very useful. 

(2) PZA control is not as sensitive to the parameter variation as the MV and GMV controllers. 
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(3) Although properly selecting Ao(z-1) , B,,b-1) and A'"(z-1) is still not easy, it is easier than 

selecting P(z-1) , Q'(z-1) and R(z-1) • Also, Ao(z-1) , B'"(z-l) and A'"(z-1) directly 

specify the closed-loop poles and zeros. 

( 4) T~e calculation is complicated. 

The PA control method is based on the similar theory as that of the PZA control. It has the 

following features: 

( 1) The PA control method has the most basic advantages of the PZA control with the additional 

advantage that it is simple to realize. 

(2) Basically, the system response depends upon both the system zeros and poles. Although, con-

sidering only the closed-loop poles can guarantee the system stability, it can not always 

guarantee good system response. 

The PS method is a special case of the PA control and, therefore, has similar features. In 

addition, 

(1) The PS method always guarantees that the closed-loop system has greater margin of stability 

if the pole-shifting factor, a , is less than one. 

(2) It reduces the number of tuning parameters of the regulator to one, the pole-shifting factor 

a . Sometimes it is difficult even to choose an appropriate a . 

2.5. Interconnections Between Various Control Strategies 

Some frequently used control strategies are presented in Appendix II. This section is devoted 

to the analysis of these control strategies. It contains two parts. The connection and the difference 

between two major control strategies, the GMV and the P'ZA, from which other control strategies 

can be derived, are analyzed in the first part. In the second part, the links between PZA control 

and a special kind of model reference adaptive control are investigated. 
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2.5.1. The Inter-connection Between GMV And PZA 

As the GMV and the P'ZA control strategies belong to different control theories, i.e. optimal 

and classical control theories respectively, an investigation of their links is of significance. 

In the deterministic control area, this investigation received wide interest during the 1970s. 

Optimal control has the advantage that it always results in a stable closed loop system and it is 

optimal for some performance index. Different selection of the weighting matrices Q and R in the 

performance index will result in different solutions. Although all of them are optimal for their 

individual performance indices, their closed-loop system transient properties may be quite different, 

because the performance index is not explicitly connected with the closed-loop system property. 

The problem then arises as to how to choose these two matrices to get a desired transient perfor-

mance. 

On the other hand, the classical control theory mainly deals with the closed-loop transient 

property. The relationship between the closed-loop system roots and the system transient per-

fomance is well known. The idea of using classical control techniques (pole/zero assignment) to 

overcome the drawbacks of optimal control led the researchers to finding the relationship between 

these two approaches. The so called "inverse problem" in the optimal control theory provides a 

solution to this problem (139-143]. 

Relationship between the selected weighting matrices, Q and R , in the optimal control 

theory and the closed loop poles configuration in the classical control theory has also been esta-

blished. As the control strategies of the self-tuning control are based on the deterministic control 

theory, theoretically the same kind of connection should exis,t. Further, as the GMV and P'ZA con-

trols are based on the same mathematical model, i.e. the linear difference equation, it seems possi-

ble to establish a more explicit link between them. 

It is interesting to note that this kind of relationship can be easily found in the self-tuning 

control. Consider the solution of GMV control Eqn.11.19 and P'ZA control Eqn.11.22. It can be seen 



31 

that they have similar solutions. These two control strategies are connected by Eqns.II.16 through 

II.18 and Eqns.II.26 through II.28. For a selected set of P(z-1) , Q'(z-1) , R(z-1) , it is possible to 

find a set of Ao(z-1
) , Am(z-1

) , Bm(z-1) and vice versa. This means that for a time-invariant sys-

tem, with appropriate selection of P(z-1) , Q'(z-1) , R(z-1) and Ao(z-1) , Am(z-1) , Bm(z-1) , 

OMV control and PZA control will result in the same closed-loop system. 

Block diagrams of these two closed-loop systems are shown in Figs.2.4 and 2.5. Their simi-

larity can be seen again from these figures. 

In addition, both of these methods have their implicit algorithm form. In the implicit algo-

rithm, a proper model structure is chosen. The regulator parameters are updated directly and the 

design calculations are eliminated. 

For the OMV control: 

define a new output variable 'V(t+l) as: 

and 'Jf(t+l) as: 

'Jf(t+l) = P(z-1) • y(t+l) + Q(z-1) • u(t) - R(z-l) · yr(t) 

Using Eqn.II.13, the following equation can be obtained 

'V(t+l) = 'Jf(t+l) + 'Y(t+l) P(z-1) 

From Eqn.II.12, Eqns.lI.16 through Il.18 and Eqn.2.5.2 

(2.5.1) 

(2.5.2) 

(2.5.3) 
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(2.5.4) 

'V(t+l) = XT(t) · p(t) + y(t+l) P(z-1) (2.5.5) 

where 

XT(t) = [y(t),y(t-l), ... ,u(t),u(t-l), ... ,y,.(t),y,.(t-1), ... ] 

For a given set of P(z-1) , Q'(z-1) and R(z-1) , the implicit algorithm for the GMV control 

can be stated as: 

(1) estimate the parameters of the polynomial F(z-1) , G(z-1) and D(z-1) in Eqn.2.5.4 by least 

squares. 

(2) compute the control output from Eqn.II.19. 

For the PZA control: 

From Eqn.II.26 

(2.5.6) 

Combining Eqn.2.5.6 with Eqn.II.20 gives 
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(2.5.7) 

as 

(2.5.8) 

then 

(2.5 .9) 

For a given set of A0 (z-1) , Am(z-1) and Bm1(z-1) , the implicit algorithm is given as : 

(1) estimate the parameters of the polynomials B-ez-1) , G(z-1) and F(z-1) in the model 

Eqn.2.5.7 by least squares. 

(2) compute the control output from Eqn.2.5.8. 

Steps 1 and 2 are repeated each sampling interval for both algorithms and their similarity can 

be seen again. 

Although there are many points of similarity between GMV and PZA control algorithms, 

there still exist some differences between them. As the criteria for both methods are different, their 

results also emphasize different things. Each of them has its own features as mentioned in section 

2.4. For practical use, some problems may be more suited to the GMV control, whereas others may 

be more suited to the PZA control. From this point of view, PZA control method can be considered 

as a useful complement to the GMV control, especially, when there is a difficulty in chosing the 
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polynomials P(z-1) , Q'(z-1) and R(z-1) in the criterion Eqn.II.10. 

2.5.2. PZA Self-tuning Control And Model Reference Adaptive (M.R.A) Control 

Self-tuning control and M.R.A.C are considered as two main kinds of adaptive control. The 

relation between the PZA control and one kind of M.R.A.C is discussed here. In a similar discus-

sion presented by Gawthrop [144,145], it has been shown that the GMV control is a new type of 

M.R.A control. Although self-tuning controller was not originally developed using the standard 

M.R.A. control technique, it is indeed more powerful. The main point of GMV self-tuning control 

being superior to the standard M.R.A. control is that the GMV control can be applied to the sys-

tems with zeros outside the stability region. 

As there is a straight-forward link between the PZA and GMV controls, the connection of 

PZA control to the M.R.A. control is obvious. A more direct connection of PZA control to a spe-

cial kind of M.R.A. control, transfer function M.R.A. control, is presented here. 

As mentioned in Chapter 1, one kind of M.R.A. control is aimed at making the closed-loop 

system have a preselected transfer function. According to the algorithm described in Appendix II, 

the P'ZA control can be redrawn as in Fig.2.6. From this figure it can be seen that a PZA control is 

actually a new kind of transfer function M.R.A. control. System transfer function, A(z-1) and 

B(z-1) , is first identified. This transfer function is then compared with a pre-selected transfer func-

tion, Am(z-1) and Bm(z-1) • The error feeds back to the controller according to a set of calculation 

algorithm forcing the closed loop system transfer function to follow the desired system transfe r 

function. 

The P'ZA control takes the identified system transfer function in-to account for the desired 

system transfer function. This can be seen from Eqn.II.25 in which Bm1(z-1
) and not Bm(z-1

) is 

chosen, and B-(z-1) is obtained from the recursive identification algorithm. This guarantees that 

the unstable zeros are not canceled by the controller. The point of P'ZA control being superior to 

the M.R.A. control can be seen again. 
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Fig.2.6 PZA Controller as a M.R.A. Controller 
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2.6. Summary 

In this chapter, the self-tuning control is rewiewed fairly broadly. Several commonly used 

system identification techniques and control strategies are discussed. This helps in realizing why 

and how the self-tuning control area is developing so fast from its initial form, RLS identification 

with MV control strategy, to so many schemes today. 

The main features of various kinds of control strategies are also presented in this chapter. 

Although the aim is not to make a comment on which one is "better" than the others, it still gives 

some idea of how to choose a more appropriate algorithm for practical use. 

In addition, analysis of the relations between different adaptive control schemes presented in 

this chapter will help in understanding the unifying aspects of the adaptive control theory. 

The field of self-tuning control is developing very rapidly. Many algorithms have been pro-

posed from different points of view, and new methods are still being proposed from other con-

siderations. It is impossible to include all the theory and algorithms in this chapter. As the main 

aim of this thesis is to design a self-tuning control theory based PSS, only what is related to this 

design is presented. From this point of view, this chapter can also be considered as fundamental 

for the subsequent chapters. Some ideas from this chapter will be referred to later. 



CHAPTER 3 

SPSS WITH VARIABLE FORGETTING FACTOR AND 

VARIABLE POLE-SHIFTING FACTOR 

3.1. Introduction 
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As mentioned in Chapter 1, the application of PSS is a very effective way to improve 

power system dynamic stability. The conventional PSS uses the linearized mathematical model 

around an operating point and the parameters of the stabilizer are tuned according to this model. 

This obviously results in a fixed parameter stabilizer. This kind of PSS can give excellent perfor-

mance for that operating condition but may exhibit poor performance under other operating condi-

tions. This indicates the need for some type of adaptive stabilizer that can track the operating con-

ditions of the system [52]. With the advent of the micro-processor technology, the development of 

a stabilizer based on adaptive or self-tuning control technique is both feasible and attractive 

[66,102] . 

In this chapter an improved SPSS is proposed. The main aim of this SPSS is to seek for the 

maximum system stability margin. This stabilizer makes use of the explicit self-tuning control tech-

nique. Like all other self-tuning control technique based controllers, this SPSS contains two major 

parts, a system identifier and a controller. The identifier uses the variable forgetting factor RLS 

identification technique mentioned in Chapter 2. The controller, on the other hand, uses an improved 

PS control strategy, called the variable pole-shifting factor PS control strategy proposed in this 

chapter. This control strategy aims to overcome the difficulties that exist in the PS control strategy. 

Further research on the proposed self-tuning control strategy includes the following: 
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(1) analysis of the self-tuning property; 

(2) detailed investigation of the algorithm; 

(3) the tuning parameters and tuning techniques. 

These investigations are necessary for further understanding and effective use of the proposed 

self-tuning technique. 

3.2. Variable Pole-shifting Factor PS control strategy 

The variable pole-shifting PS control strategy is based on the same basic theory as the PS 

control technique. However, the use of the variable pole-shifting factor greatly improves the control 

and makes the PS control strategy more powerful. 

The main features of the PS control strategy are given in Chapter 2 and Appendix II. The 

most important motivation for using this kind of control strategy is its ability to increase the system 

stability margin. The original PS control strategy makes use of a fixed pole shifting factor and 

does not consider the control constraints. It is the control constraints that sometimes greatly affect 

the closed-loop performance. 

For the pole-shifting control strategy it is easy to understand that the pole shifting factor is 

directly connected with the output of the controller. For a small pole-shift ( a close to one ), a 

small control output may be required and a small amount of increase in stability margin will re ult. 

However, although the large pole shift can result in a large increase of stability margin, it often 

forces the control output to hit its limits. The best way of using this technique is to find the best 

compromise value of a which will always give an acceptable increase in the stability margin and 

a reasonable control output. For systems which do not operate over a wide range of operating con-

ditions and the disturbances are not large, to find this compromise is possible. But if the system 

operating conditions vary over a wide range and the disturbances are quite different, it is difficult to 

find a suitable compromise. Power systems usually fall in this category. 



40 

A variable pole-shifting control strategy has been developed to solve this difficulty. The idea 

of introducing the variable pole-shifting technique to the PS control strategy is basically the same 

as that of introducing the variable forgetting factor to the RLS identification. A similar idea has 

been used to select the appropriate weighting matrix Q in the optimal control [ 40] and the weight-

ing factor of the control output in the GMV self-tuning control [133,146]. In the PS control stra-

tegy developed here, the pole-shifting factor, a(t) , is calculated recursively every control interval 

according to the following basic principles: 

(1) Theoretically, as the closed loop poles are shifted towards the origin of the unit circle in the 

"z" domain the closed loop system becomes more stable. 

(2) Practically, as the poles are shifted to the origin of the unit circle more control effort is 

required. The control variable has its output limits. If these limits are exceeded, unsatisfactory 

control action will result and, in the worst case, the system will become unstable. 

Based on these principles, the criterion of the variable pole-shifting factor PS control strategy 

can be mentioned as: determine the pole-shifting factor which shifts the closed-loop system poles as 

close as possible to the origin of the unit circle in the "z" domain without violating the control con-

straints. 

The algorithm for calculating the pole-shifting factor a(t) can be formulated as follows: 

Assuming that the practical control constraint is given by: 

Umin $ u $ Umax (3.2.1 ) 

the control margin is defined as 
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Umax - U u~O 

~u = (3.2.2) 

U - Umin u<O 

If ~u < 0, it means that one of the control limits has been hit and the pole-shifting factor has 

to be increased. If ~u > O, it means that the control limits have not been reached and the pole-

shifting factor can still decrease if a(t) > 0. Modification of a(t) can be formulated as follows . 

Equation 11.39 in Appendix II is used to calculate the control parameters Ii ( i = I, ... ,n1 ) and 

gi ( j = 1, ... ,n8 ). By defining (assume l = 0 ) 

1 0 b1 0 0 
a 1 bi 

1 
a1 b,.b 0 

M= 0 b,.b b1 

a,.a 

0 a,.a 0 0 b,.b (na+nb-I)x(na+nb-I) 

L7 = [a1(a-l),a2(a2-l), · · · ,a,. (a"0-l),O, · · · ,OJ 
a 

Eqn.11.39 can be written as 

M · Z=L 

The control parameters Ii (i = l, ... ,n1) and gi (j = 1, ... ,ng) can be calculated as 
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Z=~1 -L (3.2.3) 

The control output is given by 

u(t) = [ -u(t-1), ... , -u(t-nb-1), y(t), y(t-1), · · · ] · Z 

or 

u(t) = X\t) · Z (3.2.4) 

As pole-shifting factor a(t) is an implicit function of u , the sensitivity function can be 

computed as 

(3.2.5) 

Substituting Eqn.3.2.3 in Eqn.3.2.5 gives 

(3.2.6) 

For the control margin calculated in Eqn.3.2.2, the modification of the pole-shifting factor 

a(t) is given by 

(3.2.7) 
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where K is a positive constant chosen to avoid excessive variation in a(t) . 

The variable pole-shifting factor, a(t) is given by 

a(t) = a(t-1) + ~a (3.2.8) 

This calculation may be repeated several times during every sampling period until the control 

u is within the limits. However, modifying a(t) many times per sampling period is not necessary 

and sometimes impossible. In the simulation studies with this algorithm applied to a power system 

stabilizer, good results were obtained with one iteration. 

If this calculation procedure is carried out once per sampling period, the modification of 

a(t) will not take much time. It is because the sensitivity function, which is the main part of this 

modification, can be calculated easily based on the results of the calculation of the control output. 

Another feature of this algorithm is that on startup, a(t0) can be assigned any value from O to 

1 . The algorithm will automatically search for its "best" value. 

The flow chart for calculating the pole-shifting factor a(t) each sampling period is given in 

Fig.3.1. 

3.3. Analysis or The Self-tuning Property Of PS Control 

The self-tuning property is an important property of the self-tuning controllers which use the 

RLS identification technique. The original self-tuning control proposed by Astrom and Wittenmark 

made use of RLS identification and MV control strategy. As mentioned before, the RLS 

identification technique gives the unbiased system parameter identification for the system which is 

represented by the LR model. For the ARMAX model, biased parameter estimation results. When 

the RLS identification technique based self-tuning control is used in the ARMAX modeled system, 

the problem of whether it can still converge to the desired closed-loop system characteristics arises . 
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The self-tuning property refers to this kind of property of the self-tuning controller. The self-tuning 

property of the MV and the GMV control strategies has been proved. It says that, if the system 

converges, it will converge to the desired value [60] [136]. 

This property has also been proved true for the PA self-tuning control. It states that, if the 

system converges, it will converge to the desired closed loop configuration. In other words, despite 

the incorrect assumption that C(z-1) = 1 , the regulator polynomials can converge to the values that 

would have been obtained by using the model with C(z-1) * 1 . Moreover, the filtering errors 

become identical to the driving system noise [138] . 

As the PS self-tuning control is a modified PA control, it contains the main properties of the 

PA self-tuning control. Using almost the same procedure as given in Appendix III, the self-tuning 

property of the PS self-tuning control can be proven as below. 

If the system converges, the closed-loop system will converge to the system given by 

(3.3.1) 

where A(z-1) is the identified system characteristic polynomial obtained by RLS 

identification, and the filtering errors become identical to the driving system noise. 

As the RLS identification technique does not provide unbiased parameter estimation for the 

ARMAX modeled system, when system converges, A(z-1) will not converge to A(z-1) . 

For the PA control, biased parameter estimation A(z-1) does not cause problems. It is 

because the desired closed-loop system characteristic polynomial, T(z-1) , is pre-selected. It does 

not depend upon the identified system parameters A(z-1) • This means that when the system con-

verges, the closed-loop system poles are determined by T(z-1) , which is independent of the 
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estimated parameters. It can be seen that the closed-loop zeros will be affected by the identified 

parameters. 

However, this situation does not hold for the PS controller. The PS control strategy is based 

on the assumption that the identified parameters are the real system parameters. Based on this 

assumption, the PS control tends to shift the open-loop system poles decided by A(z-1) radially 

towards the origin of the unit circle by a factor a . Consequently, the desired closed-loop system 

poles are the roots of the polynomial A[a(z-1)] • For the practically used PS self-tuning controller, 

the identified parameters .A(z-1) and not the real system parameters A(z-1) are used. When the 

system converges, the closed-loop system poles will converge to the roots of the polynomial 

.A[a(z-1)] . It thus follows that the biased parameter estimation .A(z-1) will affect the closed loop 

poles configuration to some extent 

From the above analysis it seems that the self-tuning property of the PS control is not as 

good as that of the PA control strategy. This comes from the different objectives of the PA and PS 

controllers. The main aim of the PS control strategy is to seek greater stability margin. It means 

that having closed-loop poles near the origin of the unit circle is more important than having them 

exactly at some specified positions. From this point of view, the deterioration in the self-tuning 

property of the PS controller is not a serious problem, especially when the proposed PS control 

strategy is used. In the proposed PS control strategy, the pole-shifting factor a(t) is always kept at 

a very small value or equal to zero . This means that when the system converges, the actual 

closed-loop system poles determined by 

(3.3.2) 

will be very close to the origin of the z-plane, which always results in the maximum stability 

margin. This conclusion has been verified by an application of the proposed PS control strategy 

based SPSS. 
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It is worth mentioning that there may exist some cases in which the existence of 

ci ( i=l, ... ,nc ) will significantly affect the correct estimation of .A(z-1) so that an undesirable 

closed-loop system will result. In these cases, some other identification technique, such as REL, is 

needed to obtain unbiased parameter estimation. Actually, this may also happen in the other control 

strategies, like MV, OMV and PA control. It is because the self-tuning property of all control stra-

tegies is based on the condition that 'if the system converges' and this condition may not always be 

valid. 

3.4. Some Considerations Of The Algorithm 

The fixed and variable pole-shifting factor PS control strategies and their algorithms are 

presented in Appendix II and Section 3.2. A further discussion of some considerations about the 

algorithms is given in this section. Although some of the conclusions have already been outlined, 

their mathematical proof or a detailed physical explanation is given in this section. It will be seen 

that these discussions are useful in designing an effective self-tuning controller. 

3.4.1. Optimal Selection Of n1 and n6 

The transfer function of a closed-loop system using a PS self-tuning controller is given by 

Eqn.II.32. 

Polynomials A(z-1) and B(z-1) are given by Eqns.2.2.2 and 2.2.3, and T(z-1) has the same 

form as A(z-1) • It is necessary to choose F(z-1) and G(z-1) with the form of Eqns.II.30 and 

II.31. This can be obtained by comparing both sides of Eqn.II.32. 

Eqn.II.38 is used to solve for the coefficients of F(z-1) and G(z-1) • In order to get a 

unique solution for this linear equation, the sufficient and necessary condition is 
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Max { N0 + N pflb + N, } = N1 + N, + I (3.4.1) 

where 

N1 + N 1 + 1 is the number of unknowns 

Max {Na+ N1.N• + N,} is the number of equations 

The optimal order of F(z-1) and G(z-1) should minimize Eqn.3.4.1 as follows: 

(3.4.2) 

(1) if Na+ N1 =Nb+ N1 , then from Eqn.3.4.1 

(3.4.3) 

It follows 

(3.4.4) 

(3.4.5) 

In this case N1 + N1 + 1 =Na+ Nb - 1 
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(3.4.6) 

It follows 

Ng= Na - 1 (3.4.7) 

(3.4.8 ) 

(3) if N0 + N1 < Nb+ Ng, then as in (2) 

(3.4.9) 

and 

(3.4.10) 

From cases (2) and (3 ), 

(3.4 .11) 

Thus the best selection of the number of unknowns should be 

(3.4.12) 

and 
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(3.4.13) 

3.4.2. Existence Condition of F(z-1) And G(z-1) 

It has been shown that the controller parameters ( Ji, Ji, , ... , f"I g0, gi, , ... , g,.g ) are 

solved from the simultaneous equations Eqn.II.39. It has been proved in · section 3.4.1 that the 

best degree of F(z-1) and G(z_1) should be chosen according to Eqns.3.4.12 and 3.4.13. But this 

is not the only existence condition of F(z-1) and G(z-1) • Obviously, the necessary and sufficient 

condition to solve Eqn.II.39 is that the matrix M must be non-singular. It has been proved that if 

the polynomials A(z-1
) and B(z-1) are relatively prime, the matrix M is non-singular [147]. 

This condition can be physically explained as follows. According to the state space analysis, 

for a selected set of input and output signals, a system can generally be divided in to four sub-

systems as in Fig.3.2. 

( 1) controllable but un-observable :sub-system I: 1 

(2) observable but un-controllable: sub-system I: 3 

(3) controllable and observable : sub-system I: 2 

( 4) un-controllable and un-observable: sub-system I: 4 

According to the Kalman-Gilbert theorem [150], the system transfer function can only 

represent the controllable and observable sub-system. All the other sub-systems will not appear in 

the transfer function because they have been cancelled from the numerator and the denominator. 

As polynomials A(z-1) and B(z-1) are the denominator and numerator, respectively, of the 

identified system transfer function, theoretically, A(z-1) and B(z-1) should be relatively prime. It 

is because the un-controllable and unobservable sub-systems are not identifiable. This is why the 

assumption of A(z-1) and B(z-1) having no common factors for almost all the self-tuning control 

strategies is reasonable. In addition, it can be seen from the following analysis that this assumption 
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u(t) y(t) 

Fig.3.2 State Space Representation of a Dynamic System 
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is necessary. 

Considering Eqn.II.38 in the PS control strategy, suppose that A(z-1) and B (z-1) have a 

common factor E(z-1) , and polynomials A(z-1) and B(z-1) can be represented as 

(3.4 .14) 

and 

(3.4 .15) 

Substituting Eqns.3.4.14 and 3.4.15 in the closed loop transfer function Eqn.II.38 gives 

(3.4 .16) 

From Eqn.3.4.16, it can be concluded that the roots of the polynomial 

(3.4 .17) 

must be the closed loop system poles. However, these poles can not be the roots of the 

characteristic equation 

(3.4.18) 

except when the pole-shifting factor a= 1 , which is of no use for PS control. 
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It follows that if A(z-1) and B(z-1) are not relatively prime, there are no polynomials 

F(z-1) and G(z-1) that can satisfy Eqn.II.38. Thus, no solution exists for it. 

Although theoretically, the identified polynomials A(z-1) and B(z-1) in Eqn.2.2.1 should be 

relatively prime according to the Kalman-Gilbert theorem, A(z-1) and B(z-1) may contain com-

mon factors sometimes in practice due to the numerical calculations. In this case, as M""1 does not 

exist, no solution for F(z-1) and G(z-1) can be calculated. One way to overcome this difficulty 

is to use the previously identified parameters for the calculation in that sampling period. 

3.4.3. Solving For M""1 

In the PS control strategy, calculation of control output involves the solution of Eqn.II.39. 

This requires the calculation of M""1 every sampling period. The order of matrix M is 

( na+nb+l-1 ) by( na+nb+l-1 ) . For on-line computer control, the computation burden is a very 

important consideration, especially when A(z-1) and B(z-1) are of high order. A method which 

simplifies significantly the calculation of M""1 , taking advantage of the special form of both sides 

in Eqn.II.39, is presented below. This procedure is based on the assumption that l = 0 and 

na = nb + l , although it can be used for all other cases too. 

Defining 

1 0 0 b1 0 
a1 1 

a1 0 b1 

M11= 1 (3.4.19) 
a1 b"b 

a"a-1 a"a-"b+l 0 b"b ("a)x(na) 
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0 0 

0 
M12 = b1 0 (3.4.20) 

b1 
0 

b,..-1 b1 (n0 )x('\ +l-1) 

a,.o a,.o_"i,+2 0 0 

0 a,.a 
M21 = (3.4.21 ) 

0 0 a,.o 0 0 (ni,+l-l)x(,a
0

) 

b,.,, b2 

0 
M22 = (3.4.22) 

0 0 b,.,, 
(n,,+l-l)x(ni,+l-1 ) 

Z1 = ff1/2,---f,.,,go, ... ,g,. -n-il 
J O '/ 

(3.4.23) 

Zi = [g,. - ,v , ••• ,g,.] 
o J I (3.4.24) 

and 

(3.4 .25) 

Eqn.II.39 becomes 
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(3.4.26) 

Expanding Eqn.3.4.26 results in 

(3.4.27) 

(3.4.28) 

From Eqn.3.4.28 

(3.4.29) 

Substituting Eqn.3.4.29 in Eqn.3.4.27 gives 

(3.4.30) 

Then 

(3.4.31) 

And can be calculated from Eqns. 3.4.29 and 3.4.31. 

This method changes the inverse of a high order na+nh+l-1 matrix to the inverse of two 

lower order na and nb+l-1 matrices. This greatly saves calculation time. In addition, as 

M 22 is an upper triangular matrix, its inverse is also an upper triangular matrix which is easy 

to calculat.e . Further, as the first na-nb-l+l rows of M12 and last na-nb-l+l columns of 



56 

M21 are zero, the elements of the first n0-nb-l+l rows and last n0-nb-l+l columns in the 

M12 · M22.-1 · M21 matrix will equal zero. This means that the calculation can be further 

simplified. 

3.5. Tuning Parameters In The Proposed Self-tuning Controller 

The conclusion "self-tuning controller needs to be tuned" has been presented in Chapter 2. 

Tuning techniques for several parameters of the variable pole-shifting factor PS self-tuning con-

troller are presented here. From the following discussion it will be further clear why" self-tuning 

controller needs to be tuned". 

3.5.1. Selection or The System Model Order 

Although it is desirable that the order of the mathematical model be as close as possible to 

that of the physical system, a reasonable simplification of the mathematical model is generally 

possible and even necessary when designing a self-tuning controller. The following reasons support 

this simplification. First, on-line parameter identification of a high-order mathematical model is 

difficult due to a heavy calculation burden. Second, for the self-tuning controller, only the most 

important part of the system dynamics needs to be considered. Simplification of the mathematical 

model is of special importance for the PS control strategy based self-tuning controller. In the PS 

control strategy, all the identified open-loop system poles are shifted radially towards the origin of 

the z-plane to form the closed-loop system poles. If the model is of a high order, all the poles , 

dominant and non-dominant, will be shifted by the same factor. Shifting of the non-dominant poles 

is not necessary and sometimes even undesirable, because the control output required to move the 

non-dominant poles will force the pole-shifting factor to a high value in order to not violate the 

control constraints. This limits the damping contribution of the controller to the dominant poles. 



57 

The commonly used order for A(z-1) and B(z-1) in the self-tuning controller is 3. This is 

based on the consideration that a third order system usually contains a pair of dominant poles and a 

single pole which represents the main part of the system dynamics. Some investigators have even 

questioned whether it is necessary to choose the model order of n > 3 for the self-tuning con-

troller [ 115]. 

3.5.2. Selection Of The Control Rate 

Basically, the control rate can not be arbitrarily chosen without considering the practical 

environment, e.g. the speed of the micro-computer. For a deterministic control problem, the higher 

the control rate, the better will be the control. For the stochastic control problem, because of the 

presence of noise, the control rate should be chosen appropriately. Investigations described in 

Ref.[148] have shown that the effects of the unmodeled system dynamics may not be neglected if 

the control rate chosen is in-appropriate. In that case, the presence of these dynamics in the actual 

system may result in the behaviour of the adaptive controller being drastically different from that 

predicted in the ideal case. It is well understood that an appropriately chosen control rate can 

reduce the noise/signal ratio [149]. For these reasons it is important to appropriately choose a 

proper control rate. 

3.5.3. Selection Of a2
, N0 And Amin 

The correct selection of the expected measurement noise variance, cr2 , is primarily based 

upon an understanding of the system noise. A general idea for choosing N0 is that if a rapid track-

ing speed is required, small value of N0 should be used. Some practical applications of this 

identification technique in the industrial controllers have shown very different results about the 

effect of these values on the identified system parameters. In some cases, the identified system 

parameters are not sensitive to these tuning parameters [92], whereas in other cases, they are sensi-



58 

tive to these parameters [128]. 

Although the setting of these parameters has proven to be rather tedious [128], they have to 

be carefully chosen to get an effective self-tuning controller. As there are no definite guidelines 

about choosing these values, trial and error method is usually used. 

A too small value of the forgetting factor, A , will discount the old information too fast. This 

will make the identified parameters too sensitive to the new measurements; This is not desirable 

when the system noise is high as it may result in stability problems. The forgetting factor thus 

needs to be limited to prevent it from becoming too low. In this case, Amin , becomes another tun-

ing parameter. As the limit A.nun is used to prevent the forgetting factor from becoming too small, 

this value has to be taken in to account when selecting NO • It is because too small value of N 0 

will keep A at A.nun for a long time during large disturbances. This is not good for the 

identification stability especially when the system noise is high. 

If very little information is available about the system noise and it is difficult to estimate the 

required parameter tracking speed, the following method is recommended. In this method, 1:o is 

calculated from the prediction error E(t) in Eqn.1.5 and the forgetting factor limit Amin . The pro-

cedure of this method is formulated as follows. Select a limit less than one for the forgetting fac-

tor. For various kinds of disturbances, if the prediction error e(t) is larger than a preselected value 

Eo, the forgetting factor will drop to this lower limit The is then calculated by Eqn.2.2.15. 

The value Lo will be used until such time that the new prediction error is greater than e0 • This 

lower limit of the forgetting factor can be chosen in the range 0.95 to 0.98. 

3.5.4. Selection or Constant K 

Constant K is used to limit the rate of change of the pole-shifting factor cx(t) . In order to 

get smooth control, it is desirable for cx(t) to change slowly. This requires K to be a small 

value. On the other hand, rapid change of cx(t) is sometimes necessary. One case is when a sud-

den change occurs in the controlled system. Heavy saturation in the system control output can be 
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avoided by increasing a(t) rapidly. This will bring the computed control output close to its lim-

its. Similarly, when the system is recovering from a sudden change, the control output decreases 

and a rapid decrease of a(t) is required to generate sufficient damping contribution. 

The range of variation of a is from O to 1. The sensitivity function i: , given by 

Eqn.3.2.5, and the control margin ~u can be calculated off-line, i.e. runing the self-tuning con-

troller without injecting controller output u to the system. Thus the range of K , which is the 

inverse of the average value of I!~ 1-, · l!.u, can be roughly estimated. 

It is sometimes useful to use two different constants K1 and K2 • K1 has a large value 

used for sudden changes and recovery from these changes, and K2 with small value is used for 

normal system operation. Switching between the two Ks can be controlled by the prediction error 

E(t) in Eqn.I.5. 

3.5.5. Smooth Bringing In Of The Controller 

It has been mentioned that because the variable pole-shifting factor PS control can automati-

cally calculate the best pole-shifting factor, the initial value of the pole-shifting factor can be arbi-

trarily chosen in the range of O to 1 . This means that the initial value of the pole-shifting factor 

is actually not a tuning parameter. However, the problem of the so called "initial impact" sometimes 

has to be considered when first bringing in the controller on the system. 

Choosing the initial value of the pole-shifting factor large ( near to 1 ) results in a small 

control output. It makes the pole-shifting factor decrease rapidly to a small value ( near to O ). A 

small pole-shifting factor will make the control output increase rapidly which will force the pole-

shifting factor to a high value again. This procedure will sometimes last several periods of oscilla-

tion and it may make the system unstable. 
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In order to decrease this initial impact, when first bringing in the controller, the pole-shifting 

factor can start from a high value, such as 1. It should then be decreased smoothly according to 

some preselected manner until it reaches its steady state value ( near to O ). 

3.6. The Proposed SPSS 

The conventional PSS mainly aims to increase the closed-loop system stability by introducing 

some additional damping torque as described in Appendix IV. This is equivalent to shifting the 

dominant poles, originally near the imaginary axis with a poor damping factor, to the left in the 

complex plane. The PS control technique shifts all the dominant poles radially toward the origin in 

the z-plane. Mapping the unit circle on to a complex s-plane, Fig.3.3, the increase of the damping 

factor by the PS control technique is obvious. This shows that the PS control technique is well 

suited for the PSS. 

The SPSS proposed in this section makes use of the RLS identification with the variable for-

getting factor and the PS control strategy with the variable pole-shifting factor. The main elements 

and the algorithm of the proposed SPSS are shown in Figs.3.4 and 3.5. 

The mathematical model used to identify the system has the form: 

(3.6.1 ) 

The micro-computer available in the power system laboratory in the Department of Electrical 

Engineering, University of Calgary, Intel-8086 with the co-processor Intel-8087 can perform the 

required calculations in about 85 ms. The sampling period was, therefore,chosen as 100 ms. 
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The test signal for the system identification is white noise with a covariance of 0.0001 and 

a cut-off frequency of 10 Hz which is much higher than the frequency range of interest ( 0.2 -

2.5 Hz). 

As there is little information available about the system noise and the tracking speed require-

ment, the method introduced in Section 3.5.3 is used to decide the value of L() in the variable for-

getting factor RLS identification. The lower limit of the forgetting factor is chosen as 0.98 and 

the prediction error Eo is chosen as 0.5 to indicate the occurrence of a major disturbance. The 

simulation results show that a limit A.nun > 0.95 and the prediction error 0.1 < E < 0.5 will give 

acceptable parameter tracking speed and identification stability. 

The constant K is chosen as 0.05 . It is because the average value of the product of the 

sensitivity function and the control margin from the open-loop calculations is about 20 . In order 

to keep the pole-shifting factor variation in every sampling period less than 1 , K should not be 

greater than 0.05 . The simulation results show that the closed-loop system response is not too 

sensitive to the variation of K . Therefore, only one value is chosen for all operating conditions. 

3.7. Summary 

In this chapter a novel self-tuning control strategy, variable pole-shifting factor PS self-

tuning control strategy is proposed. The original PS control strategy suffers from the following 

drawbacks for practical use: 

( 1) It is sometimes difficult to choose an appropriate value of the pole-shifting factor which 

always gives sufficient damping contribution to the controlled system, especially when the 

system operates over a wide range of operating conditions. 

(2) The controller output constraints are not taken in to account. The non-linearity of the output 

constraints existing in the practical system always affects the performance of the controller 

and sometimes this may make the overall system unstable. 
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By using the proposed control strategy, these difficulties can be overcome successfully. The 

pole-shifting factor is calculated recursively every control period based on the consideration of pro-

ducing maximum damping without violating the limits on the control output. In this way, the con-

tradiction between the maximum increase in the stability margin and the practical constraints on 

control is resolved, and the difficulty of choosing a suitable value of the pole-shifting factor is also 

automatically solved. 

An analysis of the self-tuning property of the proposed controller shows that if the system 

converges, it will converge to a very stable closed-loop system. This conclusion allows the use of 

the simplest RLS identification technique based self-tuning controller to both the LR and ARMAX 

models, even if C(z-1) = 1 in the RLS identification algorithm is not true for ARMAX modeled 

systems. 

Further investigations on the proposed control technique described in this chapter are of both 

theoretical and practical value. The interpretation of the mathematics of the algorithm is combined 

with the physical interpretation for a better understanding. The development of the proposed control 

strategy not only enriches but also makes the PS control technique more practical. 

In order to establish that the proposed PS self-tuning control strategy is suitable for applica-

tion as the PSS, the main ideas of the conventional PSS and its tuning are briefly reviewed in an 

Appendix. Based on this review, an SPSS is proposed. This SPSS makes use of the variable forget-

ting factor RLS identification method and the variable pole-shifting PS control strategy. This 

identification technique guarantees good parameter tracking and requires acceptable computation 

time. The control strategy developed in this chapter aims to maximize damping contribution to the 

closed-loop system. Simulation studies and further analysis of the proposed PSS are given in the 

next chapter. 
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CHAPTER 4 

SIMULATION STUDIES AND ANALYSIS OF THE SPSS 

4.1. Introduction 

The properties of the SPSS proposed in Chapter 3 are investigated in this chapter in detail. 

The investigations are carried out based on computer simulation. The studies are conducted on a 

single machine connected to an infinite bus through a double circuit transmission line. For the 

computer simulation, a detailed mathematical model is established. The system configuration and 

the mathematical model are presented in Section 4.2. Investigations conducted are presented in the 

subsequent three sections. 

The behaviour of the SPSS in the tested system is investigated with different kinds of distur-

bances. As the primary motivation of using PSS in the power systems is to increase the system 

dynamic stability, the system dynamic behaviour is first investigated. Several kinds of small sys-

tem disturbances are used in these studies. Increase of the dynamic stability limits of the closed-

loop system is also examined. It is mentioned in Ref.[6] that the PSS usually has the ability of con-

tributing to the system transient stability. The transient performance of the system with SPSS is 

also simulated with the power system subjected to several kinds of large disturbances. 

In the second part of the studies emphasis is laid on the analysis of the steady state stability 

of the closed loop system. As the steady state stability analysis usually needs the closed-loop sys-

tem transfer function, which is difficult to obtain for the self-tuning control system, two kinds of 

approximate methods, i.e. the frequency response analysis and the "z" domain root locus analysis 

are used. This can be considered as a useful supplement to the system dynamic and transient sta-

bility simulations. 
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Other studies presented in this chapter include the investigation of the effects of some tuning 

parameters of the controller such as the system model order, the constant K and the lower limit 

on the forgetting factor Amin . The self-searching pole-shifting factor property of SPSS is also 

investigated. 

4.2. Power System Model 

A single-machine infinite-bus power system is shown in Fig.4.1 in which the synchronous 

machine is connected to a constant voltage bus through two parallel transmission lines. The 

mathematical model of this system is a set of seven first-order differential equations as fol-

lows:(151] 

(4.2.1) 

(4.2.2) 

(4.2.3) 

(4,2,4) 

(4.2.5) 

(4.2.6) 

(4.2.7) 
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(4.2.8) 

(1)0 
v=(T +g-T)·--m e 2. H (4.2.9) 

where 

(4.2.10) 

These equations are derived by use of the generalized theory of alternating current machine 

and are based on the motoring positive convention [156]. The transients in the transmission line are 

neglected when deriving these equations. Compared with the transients of interest in the synchro-

nous machine, the transients in the transmission line have much smaller time constant. As a result, 

their effect on the machine transient characteristics can be neglected in these investigations. 

The synchronous machine is equipped with two conventional regulators, i.e. an A VR together 

with an exciter, and a governor. The A VR and exciter combination used in the system has the 

transfer function [96] 

(4.2.11 ) 

The A VR output limit is chosen as±7 p.u. to simulate the practically used high ceiling A VRs. 

A simplified governor with the transfer function [96] 

g =(a+ b ) ·8 
1 + Tgs 

(4.2.12) 
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is also used 

All the parameters of the synchronous machine, transmission line, A VR and governor are 

given in Appendix VI. 

The closed-loop system configuration is shown in Fig. 4.2 in which the SPSS proposed in 

Chapter 3 is used. Speed deviation is used as the input signal to the SPSS. The output of the SPSS 

is applied to the exciter. The SPSS control output limit is chosen as ±6 p;u. This is because the 

SPSS output limits should be within the A VR output limits. In order to initially excite the system 

for identification a sequence of white noise is used as shown in Fig.4.2. 

4.3. Simulation Studies 

The above mentioned closed-loop system was subjected to various kinds of disturbances . 

Response is compared to that obtained from the open-loop system. The studies were carried out 

over a wide range of system operating conditions, e.g., light and heavy load, short and long 

transmission line, generating and motoring operating condition. The self-tuning property of the 

SPSS is fully examined by these studies. 

4.3.1. Small Disturbance Studies 

(1) A disturbance of 0.02 p.u. step change in the input torque was applied to the synchronous 

machine for two operating conditions. These two operating conditions are 0.3 p.u. active 

power output (light load) and 1.4 p.u. active power output with the same lagging power fac-

tor of 0.85. The rotor angle responses and the variation of the pole-shifting factor are shown 

in Fig.4.3. 

(2) A disturbance of 0.02 p.u. step change in the reference terminal voltage is applied to the 

above mentioned system operating in the conditions of the same active power output but with 

different power factors, 0.85 leading and 0.85 lagging. The system response and the variation 
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of a is presented in Fig.4.4. 

(3) System behaviour in response to a disturbance of 0.01 p.u. step change in the infinite bus 

voltage with the system operating at 0.8 p.u. active power output and 0.85 lagging power 

factor is shown in Fig.4.5. 

System response to the above small disturbances shows that considerable damping is provided 

by the SPSS. The system behaviours resembles an overdamped system. · This is analyzed 

below. 

When the system is operating in the steady state, the pole-shifting factor tends to zero which 

means that, in this condition, all the dominant poles are very close to the origin. This will result in 

a very stable system. When this system is subjected to a small disturbance the system output will 

depart from its normal value. The output of the SPSS tends to force the system output back to its 

normal value. As the disturbance is small, the output of the SPSS is also small. It does not hit the 

control limits. The pole-shifting factor, then, remains near the value of zero after the disturbance, 

thereby ·keeping the dominant closed-loop poles near the origin of the unit circle. Consequently, 

this results in a very stable system. Most of the above results verify this. 

Detailed examination of Figs.4.3 and 4.4 shows some contradiction between the theoretical 

analysis and the simulation results. Theoretically, as all the poles are shifted very close to the ori-

gin of the unit circle, the speed of response of the closed-loop system should be very fast In some 

cases, however, the closed-loop system responses are slow. This is because, in practice, even with 

a equal to zero the resulting closed-loop poles are near but not at the origin of the z-plane due 

to the low order mathematical model and the high non-linearity of the practical system. This will 

be analyzed in detail in the next section. 

As the closed-loop poles are shifted near to the origin, an overdamped system response 

results as shown in some of the system responses. From the analysis and the simulation results it 

can be concluded that the SPSS does provide considerable contribution to the closed-loop system 

dynamic stability. 
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4.3.2. Large Disturbance Studies 

Several kinds of large disturbances were used in the simulation studies. 

(1) A 0.4 p.u. step change in the input torque was applied to the synchronous machine operating 

at 0.75 p.u. active power output and 0.85 lagging power factor. The system response, time 

variation of the forgetting factor, the identified parameters and the pole shifting factor, and 

the output of the SPSS are given in Fig.4.6. 

(2) A three-phase line to ground short circuit was applied to the infinite bus side of one of the 

transmission lines for 0.1 s. The faulted line was then disconnected from both sides for 0.15 s 

by the protective relays. After that, the faulted line was reclosed successfully. The system 

response and the variation of the pole-shifting factor are given in Fig.4.7. 

(3) A line switching test was simulated by switching on and off one of the transmission lines. 

The system response and the variation of pole-shifting factor are given in Fig.4.8. 

(4) An additional large disturbance test was performed to examine the contribution of SPSS dur-

ing motoring operation. This happens for the pumped storage application. A 0.4 p.u. input 

torque change is applied to the machine which is operating at -0.8 p.u. active power output 

and 0.8 lagging power factor. The results are shown in Fig.4.9. 

The large disturbance responses presented in Figs.4.6 through 4.9 show that the SPSS contri-

butes significantly to the improvement of the transient stability. The contribution of the SPSS to the 

closed-loop system transient stability is discussed below. 

It has been pointed out in Section 4.3.1 for small disturbances, that, because all the dominant 

poles are shifted near the origin of the unit circle, the closed-loop system response sometimes 

behaves as an over-damped system. This contributes to the system dynamic stability. It is quite 

natural to question whether this property will hold for the transient stability also. 

It has been mentioned that increasing the response speed is an effective way to increase the 

system transient stability because sufficient synchronizing torque will be produced to maintain 
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synchronism. For this reason, the high gain short time constant A VRs are widely used. Obviously, 

slowing down the response speed is undesirable for transient stability. Fortunately, this problem is 

solved by the variable pole-shifting factor technique. In order to accommodate the large distur-

bances, the pole-shifting factor in the proposed PS controller has to increase when the control hits 

the limits. The increase in the pole-shifting factor solves the control output saturation problem but 

it decreases the damping factor of the closed-loop system. This, then, results in a fast transient 

response speed This property can be seen from all the large disturbance responses. The pole-

shifting factor increases to some value greater than zero according to the disturbance during the 

first swing. This makes the closed-loop system response have almost the same speed of response as 

the open-loop system in the first swing of the transient period. This feature is very useful for 

system transient stability. 

When the system recovers from large disturbances, the control output decreases from the ceil-

ing value. Increased damping factor for the following oscillations now becomes the main require-

ment. The variable pole-shifting factor technique can rapidly decrease the pole-shifting factor due 

to the detection of the system recovery from the large disturbances. As a result, adequate damping 

factor is provided from the SPSS to damp out the following system oscillations rapidly. This can be 

seen from both the system response and the variation of the pole-shifting factor curves given in 

Figs.4.6 through 4.9. 

4.3.3. Dynamic Stability Limit Studies 

As mentioned before, the main aim of the PSS is to increase the closed-loop system dynamic 

stability. From the simulation results given in Figs.4.3 through 4.5, it can be concluded that the 

SPSS can greatly improve the system dynamic stability. The dynamic stability limit study presented 

in this sub-section gives an idea of how much the dynamic stability limit has been increased. 

Dynamic stability relates to system behaviour when it is subjected to small disturbances . A 

small torque change,0.1%p.u., was used to test the limits. In these studies, active power output of 
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the generator was gradually increased with the other operating conditions unchanged until the sys-

tem became unstable. Instability was defined as the existence of long term oscillations with con-

stant or increasing magnitude. The value of the active power output at which the system becomes 

unstable is the dynamic stability limit. Dynamic stability limits with respect to different terminal 

voltage reference values are shown in Fig.4.10. The contribution of the SPSS to the system 

dynamic stability is obvious from this figure. 

4.4. Analysis 

Theoretical analysis. of the proposed PS self-tuning controller is given in Chapter 2. System 

dynamic and transient stabilities have been analyzed in Section 4.3. Steady state stability is 

analyzed in this section. 

~nvestigation of steady state stability is related to the position of the closed-loop roots in the 

"s" or "z" plane. In the deterministic control area, this is not difficult because analysis can usually 

be undertaken "mathematically" by the following procedure. Linearized transfer functions, 

differential or difference equations, of the controlled system and control loop are both established 

around an operating condition. The closed-loop characteristic equation is obtained from these 

transfer functions. Solving for the roots of the characteristic equation gives the closed-loop roots. 

If all the roots are in the left hand side in the "s" plane or within the unit circle in the "z" plane, 

the closed-loop system is stable. In addition, from the root positions in the "s" or "z" domain, it is 

possible to judge the stability margin of the closed-loop system. 

Compared with the deterministic control system, analyzing the steady state stability of self-

tuning control system is quite difficult. In the self-tuning control system, both the controlled sys-

tem and the control loop are difficult to be represented by a linearized mathematical model. For the 

controlled system, correctly modeling the noise and selecting the appropriate system order are 

difficult. Moreover, representing the self-tuning control loop in transfer function form is even more 

difficult. It is because in the self-tuning controller, the control loop transfer function depends upon 
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the system parameter identification which includes the recursive identification algorithm used. 

Representation of the identification algorithm in the transfer function form is never an easy task. In 

addition, the random noise will also affect the identified system parameters. All this indicates the 

difficulty of mathematically analyzing the steady-state stability of the self-tuning control system. 

In order to overcome the above mentioned difficulties, two kinds of "non-mathematical" 

steady-state stability analysis methods are used in this section, i.e. "z" domain root locus analysis 

and frequency response analysis. The results of applying these methods to both the open-loop, 

without SPSS, and closed-loop, with SPSS, systems are presented in order to realize the contribu-

tions of the proposed SPSS to the system steady-state stability. 

4.4.1. "z" Domain Root Locus Analysis 

Generally speaking, the control can be considered as a mapping of some control parameters 

to the closed-loop poles. In the deterministic control area, as both the controlled system and the 

controller can be represented by transfer functions, the relation between the root positions and the 

control parameters can be represented by a function. Plotting this relation in the "z" plane results in 

the root locus. This gives an easy way of analyzing the effect of the controller on the system stabil-

ity. 

For the self-tuning control system, as the representation of the control loop is difficult, it is 

not easy to carry out the traditional root locus analysis. Whereas the identification technique pro-

vides a useful technique, this is actually an approximate method. The root locus method used in 

this sub-section uses another identifier to identify the closed-loop system poles with respect to the 

variation of certain control parameters, say pole-shifting factor. The system configuration for this 

analysis is given in Fig.4.11. 

The identifier 2 shown in Fig.4.11 identifies the closed-loop transfer function between the 

system input and output, from which the closed-loop characteristic roots can be calculated. The 
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noise used to identify the closed-loop system transfer function is a white noise which is indepen-

dent of the noise used in the self-tuning controller. The mathematical model used to identify the 

closed-loop roots is the same third-order model given by Eqn.3.6.1. The closed-loop system is 

always a higher-order system than the open-loop system. Identifier can only identify the most 

dominant part of the system for the reasons described before. For this reason it is called the approx-

imate method. 

Root locus configuration of the SPSS controlled system is shown in Fig.4.12(a). The closed-

loop roots are plotted with respect to the pole-shifting factor o. for an operating condition of 0.4 

p.u. active power output and 0.85 leading power factor. Root locus curves for other operating con-

ditions of 

(a) 0.4 p.u. active power output and 0.85 lagging power factor 

(b) 1.2 p.u. active power output and 0.85 lagging power factor 

(c) 1.2 p.u. active power output and 0,85 leading power factor 

are given in Fig.4.12(b), Fig.4.12(c) and Fig.4.12(d) respectively. 

It can be seen from Fig.4.12 that three dominant poles are shifted towards the origin of the 

unit circle as the pole-shifting factor changes from 1.0 to 0.0. This means that as the pole-shifting 

factor decreases the closed-loop system becomes more stable which verifies the theoretical analysis 

given inChapter 3. 

Theoretically, as the pole-shifting factor changes from 1.0 to 0.0, all the closed-loop poles 

should move towards the origin radially. From Fig.4.12, ·it can be seen that the real pole is shifted 

to the origin of the unit circle, but the complex poles are not shifted radially. This is because in the 

self-tuning controller a lower order system is used and the practical system is a high order system. 

The difference between the system order and the model order will, of course, introduce some error 

in the self-tuning controller. In addition, the non-linearities in the practical system will also intro-

duce some error when identifying the closed-loop transfer function . 
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Another feature of the root locus shown in Fig.4.12 is that the real closed-loop root is shifted 

to the origin of the z-plane when ex = 0.0 . This agrees with the theoretical analysis. However, 

the complex roots are not shifted to origin of the z-plane when a= 0.0 , This can be explained 

as follows. 

The power system is a high order system. When it is identified by a low order model, only 

the dominant poles can be identified by identifier 1. The output of the self-tuning controller shifts 

these dominant poles near to the origin as a= 0.0 .When these dominant poles are shifted near to 

the origin, the original non-dominant poles become the dominant poles. These new dominant poles 

are then identified by the identifier 2. As these new dominant poles are not near the origin of the 

unit circle and perhaps have different dynamic property, their position in the "z" domain can be 

quite different from that identified by identifier 1. This results in not all the closed-loop poles 

being shifted radially and close to the origin of the unit circle. 

4.4.2. Frequency Response Analysis 

Frequency response analysis is a commonly used method to analyze an unknown system. 

From the frequency response it is possible to approximately estimate the order of the tested system, 

system transfer function and the system dynamic property. In addition, the frequency response helps 

in the design of a control system. It can be seen from the above simulation results and analysis 

that an SPSS controlled synchronous machine infinite -bus system can be approximately represented 

by a third order system in which the main part is a second order system. A second order system 

frequency response configuration has been well established. 

In order to better understand and analyze the test results, the frequency response of a typical 

second-order system represented in Fig.IV.3 is shown in Fig.4.13. The curves are plotted for 

different damping ratio. It is understood that for a second-order system if the stability margin is 

large, the magnitude gain curve will have lower peak value. In order words, the curve will be flat-

ter. 
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The frequency response analysis carried out in this section uses the fast Fourier transform. 

The test signal is composed of a series of discrete sinusoids covering the frequency range of 0.01 

Hz to 5.0 Hz with the frequency interval of 0.01 Hz. This frequency range covers the whole fre-

quency range of interest The magnitude of the test signal is chosen as a small value of 0.001 p.u. 

in order to guarantee that the frequency response is obtained near the linearized operating condi-

tion. 

The frequency response is analyzed for the tested system over a wide range of system operat-

ing conditions, different combination of the load conditions and the system c.onfigurations. All the 

frequency responses presented in Figs.4.14(a) through 4.14(d) are obtained from an analysis of the 

input torque and the rotor angle as the output. 

Frequency response analysis results show that under the steady state or dynamic conditions, 

in which the curves are obtained, the peak of the system response with the self-tuning stabilizer is 

considerably suppressed This means that the roots of the closed-loop system are far removed from 

the imaginary axis and the system damping is increased. 

It is also seen in Figs.4.14 that the resonance frequency is shifted to the left. This can be 

explained as follows. In the pole-shifting control strategy, all the closed-loop poles are shifted radi-

ally towards the origin in the "z" domain. This is equivalent to shifting the roots horizontally 

towards the left in the "s" domain. As the complex roots are shifted horizontaly, the natural oscilla-

tion frequency ro11 will increase. For a increased ro.., decrease of the resonant frequency indicates 

the increase of the damping ratio l; because 

ro = ro · 1 - 2 · ~2 
m " "':I (4.4.1) 

Frequency responses in Figs.4.14(a) through 4.14(d) also show that the magnitude of the 

gain at ro = o for the system with self-tuning stabilizer is less than that without stabilizer. This can 

be easily explained by referring to Fig.3.3 in the "s" plane. In the "s" plane, the de gain is inversely 
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proportional to the product of the distances between the poles and the origin. Thus comparing two 

systems having the same order and same zeros, the system which has the poles farther away from 

the origin will have less de gain. This also manifests the fact that the self-tuning stabilizer greatly 

improves the system steady state and dynamic stability. 

4.5. Some Other Studies 

The effect of some other tuning parameters on the performance of the SPSS is studied in this 

section. This gives some guidelines for the design of an effective SPSS for other power systems. 

4.5.1. System Model Order 

As mentioned in Chapter 3 the commonly used order of the system model in a self-tuning 

controller is 3 because a third order system can usually represent a pair of complex poles which 

represents the dominant oscillation frequency of the system and a single real pole which represents 

the system response without oscillation. 

As the second-order system can only represent the mechanical part of the system response, it 

seems too simple to represent the system.If a fourth-order model is used, the system can be usually 

either identified as two pairs of complex poles or one pair of complex poles and two real poles or 

four real poles. Two pairs of complex poles can not represent the non-oscillatory system response, 

two real poles are not necessary to represent this part and four real poles can not represent the 

oscillatory system response. 

Another possible selection of the model order is 5. Response of the closed-loop system with 

third order SPSS and fifth order SPSS is given in Fig.4.15(a). The variations of the pole-shifting 

factor and the output of the SPSS are given in Figs.4.15(b) and 4.15(c) respectively. 

Fig.4.15(a) shows that the fifth order SPSS does not give as good a system response as that 

of the third order SPSS. This can be analyzed from Fig.4.15(b). It can be seen that for the fifth 
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order model, the pole-shifting factor is kept at a high value during the transient period. This means 

that less damping contribution is generated by the SPSS. The reason for the pole-shifting factor 

being kept at a high value for a fifth order model SPSS is that, as two more poles are identified, 

shifting of these poles needs some additional control output. The variable pole-shifting factor PS 

technique then automatically adjust a to a high value due to the control output limits. This natur-

ally limits the damping contribution to the most dominant poles. 

4.5.2. K and Amin 

This sub-section aims to examine the sensitivity of the system response to the tuning parame-

ters K and A.nun . Responses for three different values of K (0.5, 0.05, 0.005) are plotted in 

Fig.4.16. These results show that the synchronous machine response is not very sensitive to the 

constant K. 

System responses with A.nun= 0.8 and A.nun= 0.95 are shown in Fig.4.17. It is seen that the 

system response worsens as Amin is decreased indicating that Amin should not be too small. The 

range from 0.95 to 0.98 seems to be the accepted value. As the practical systems may have quite 

different properties, trial and error method may still be necessary. 

4.5.3. Self-searching Pole-shirting Factor Property 

The self-searching pole-shifting factor property represents the ability of the SPSS to self-

adjust itself to the optimal value. Although the self-adjustment property can be clearly seen from 

Figs.4.3 through 4.9, its ability of self-searching to the optimal value has not been verified. 

Results of variable pole-shifting factor based SPSS and the fixed pole-shifting factor based 

SPSS with different values of the pole-shifting factors for two typical disturbances, small and large, 

are presented in Figs.4.18(a) and 4.18(b) respectively. It can be seen from these responses that the 

variable pole-shifting factor technique does self-adjust the pole-shifting factor to its optimal value. 
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4.6. Summary 

In this chapter the proposed SPSS is examined in detail in a single-machine infinite-bus 

power system. The property of the SPSS is simulated and analyzed from different aspects. All the 

results show that the variable pole-shifting factor PS self-tuning control technique is suitable for 

application as the power system stabilizer. The proposed stabilizer can track the variation of the 

system parameters as well as the changes in the system operating conditions. As a result, the steady 

state, dynamic and transient stability of the power system is extended. The analysis and results give 

a good indication of the positive contribution provided by the variable pole-shifting control algo-

rithm. All these results agree with the theoretical analysis presented in Chapter 3. 

In addition, the proposed technique has the advantage of simple calculation and flexibility in 

application due to the use of the low-order system model and the self-searching polo-shifting factor. 

This advantage enables the proposed SPSS to be easy to implement. 
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CHAPTER 5 

SPSS IN A MULTI-MACHINE POWER SYSTEM 

5.1. Introduction 

The power system stabilizer developed in Chapter 3 was first tested on a single-machine 

infinite-bus system, and the results are described in Chapter 4. As the power systems are composed 

of a number of interconnected generating stations, the proposed stabilizer must be tested in a 

multi-machine environment before it can be considered as viable for practical use. As has been 

mentioned in Chapter 1, the dynamics of a multi-machine system are quite different than that of the 

single machine system. Due to the increased interconnections between the individual sub-systems, 

the conventional PSSs are likely to meet the following additional problems when used in a multi-

machine power system. 

( 1) The interaction of the individual generating machines. The input signal of the conventional 

stabilizer contains the information of all the interconnections of the system. However, the sta-

bilizer is tuned to a particular system configuration, say through an "equivalent system 

impedance" to an "infinite bus". The "equivalent impedance" strongly depends upon the sys-

tem configuration and, in practice, "the infinite bus" does not exist. Automatically adjusting 

the parameters of the controller to the changes in the system operating configuration is 

difficult for the fixed parameter stabilizer. 

(2) Cooperation between the PSSs used for individual generating machines. As the conventional 

PSS is tuned for the individual machine, the interaction between the individual PSSs is 

difficult to take in-to account. It is this interaction that sometimes makes the whole system 

response quite differently from that expected.[5,8,9] 
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A lot of research has been conducted on this topic. The use of eigenvalue analysis is pro-

posed in Ref.(152]. Ref.(76] suggests a method of combining eigenvalue sensitivity analysis and 

linear programming. However, all these methods require complex and extensive calculations. 

As the SPSS identifies the system dynamics on-line and automatically tunes itself to the 

identified system dynamics, it seems to provide an easy and effective way to solve the above men-

tioned problems. For these reasons, the performance of the SPSS when used in a multi-machine 

power system has been investigated. The simulation results and analysis are presented in this 

chapter. 

5.2. A Multi-machine Power System 

The multimachine system used in the studies described in this chapter is shown in Fig.5.1. 

This system consists of three synchronous machines and a constant voltage bus, together with 

transmission lines and associated loads. Every generator is equipped with a simple governor, an 

A VR and a thyristor exciter with high gain and a short time constant to improve the transient sta-

bility (28,29]. The synchronous machine connected to its associated bus is simulated by a set of 

seven first-order non-linear differential equations. Loads are simulated by constant impedances. [130] 

The synchronous machine equation, the transfer function of the A VR and exciter, and the 

transfer function of the governor have the same form as those used for the single machine infinite 

bus system in Chapter 4. A n - equivalent circuit shown in Fig.5.2 is used to simulate the long 

transmission lines. For the same reason as for the single machine infinite bus system simulation, the 

dynamics in the transmission line are neglected. As a result, a set of algebraic equations is used to 

represent the transmission line network. The parameters of the generators, governors, A VRs, loads , 

transmission lines and the operating conditions are given in Appendix VII. 
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5.3. The Simulation Procedure 

Simulation of the multi-machine power system is much more complicated than that of the 

single-machine infinite-bus system. One of the main problems in the multi-machine power system 

simulation is the convergence problem of the numerical calculations. Details of the simulation pro-

cedure are presented in this section. 

5.3.1. General Considerations 

As the whole power system is represented by n sets of differential equations used to simulate 

the generating units and their regulators, and a set of algebraic equations to simulate the network 

and the loads, the simulation of the multi-machine transient response involves the simultaneous 

solution of both differential and algebraic equations. 

The machine terminal variables, voltages, V(t) , and currents, /(t) , are calculated by solving 

the differential equations with respect to their own reference frames which swing against each other 

during the transient period. As these variables are connected with each other by the algebraic equa-

tions all of which are in one reference frame, frame transformation is necessary during each itera-

tion of solving the differential and algebraic equations. The frame transformation is shown in 

Fig.5.3, in which x-y frame is used for the network algebraic equations, the d,qi frame is used 

for the it>i machine differential equations and the swing angle oi is a state variable which is cal-

culated from the solution of the ith generator differential equations in each iteration period. 

The terminal variables V(t) and /(t) are connected by the network equations in the x-y 

frame. Theoretically, the number of equations should be equal to the number of buses. As the injec-

tion current at the load buses have been considered by constant impedances connected to these 

buses when forming the network equations, they disappear in the network equations. If the vol-

tages at these buses are not required, the equations associated with these buses can be reduced as 

below: 
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The whole system network equation is 

(5.3.1) 

where: 

subscripts G1 and L represent generator bus (including infinite bus) and load 

bus, respectively. 

Yii = Gii + j-B ii are the network admittance matrices, 

From Eqn.5.3.1, the reduced network equation can be derived as: 

where 

l(t) = Ix(t) + j-Iy(t) is the terminal current vector, 

V(t) = Vx(t) + j-Vy(t) is the terminal voltage vector, 

Yr= Y11 - Y1i-Y22- 1·Y21 is the reduced network admittance matrix. 

(5.3.2) 

Eqn.5.3.2 can not be solved directly because the known and unknown variables are mixed on 

both sides of the equation. For the infinite bus, voltage is a known value, say voo = 1.0, and 
.r 

voo = 0.0 , and the current is an unknown variable. But for the generating machine buses, the 
y 

currents are known values as they are calculated from the solution of the differential equations and 

the bus voltages are unknown. In order to solve Eqn.5.3.2, it is then necessary to re-arrange 

this equation with all the unknowns on the left-hand side and all the known variables on the right-

hand side as; 
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(5.3.3) 

It is interesting to note that the matrix, H , in Eqn.5.3.3 is neither an impedance· matrix nor 

an admittance matrix. As this matrix relates the generator terminal voltages and infinite bus current 

to the generator currents and infinite bus voltage, it can be called a hybrid network matrix. 

5.3.2. Simulation Procedure 

The simulation of the multi-machine power system involves the solution of the differential 

equations for individual machines, the reduced hybrid network equations and the associated frame 

transformation. The whole procedure of the simulation can be summarized as below: 

(1) form the original network equation Eqn.5.3.1 

(2) form the reduced network equation Eqn.5.3.2 

(3) form the hybrid network equation Eqn.5.3.3 

(4) select a reasonable set of initial operating conditions, say the terminal voltages v4t) and 

Vyp) , and solve Eqn.5.3.2 for the terminal currents 1,/t) and lyp) for each generating 

unit 

(5) From the generator phasor diagram (steady state operation) shown in Fig.5.4 and the terminal 

variable V;(t) and l;(t) of each generating unit, calculate the steady state operation genera-

(6) solve the differential equations given by Eqns.4.2.1 through 4.2.10 for the generator variable 

id. , iq . and b; at the next time instant t,+1 = t, + .1t ( .1t= 0.001 s.) by using the fourth 
I I 

(7) 

order Runge-Kutta integration method. 

change the generator variables 

the x-y frame. 

id. , iq . , in d,-q; frame to the terminal variables 
I I 
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(8) solve the network equation Eqn.5.3.3 for the terminal voltage v.x;, vY; from terminal current 

ix. , iy . , and infinite bus voltage. 
I I 

(9) calculate the generator terminal voltage vd;, vq; in the d,qi frame from v.x;, vY; in x-y 

frame for each generating unit. 

(10) by using the calculated vd; and vq; repeat the procedure from steps (5) to (9) until the 

required integration time interval is satisfied. 

The method of simulating different kinds of disturbances is summarized below: 

(1) changes of the input torque and the reference terminal voltage can be simply simulated by 

changing Tm and Vref in Eqns.4.2.9 and 4.2.11 from their initial values to some desired 

values. 

(2) simulation of switching line, changing of the load and short circuit involves the modification 

of the network equations. In these cases the simulation procedure has to go back to step (1) 

but jump over step (4). Short circuit is simulated by adding a sufficiently large admittance to 

the associated bus. Switching off a line is simulated by changing the admittance of this 

transmission line from its original value to zero. Load change is simulated by changing the 

corresponding admittance. 

(3) changes in the infinite bus voltage can be simply simulated by changing the value of the 

infinite bus voltage from its original value to some desired value. 

5.3.3. Some Special Problems 

As mentioned above, one of the most important problems in the digital simulation of the 

multi-machine system is the convergence problem. Two kinds of convergence problems met in the 

simulation are presented here: 

( 1) appropriate selection of the integration step length: 
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The solution of the differential equations in the digital computer is by the use of the Runge-

Kutta method. Actually R-K method is an approximate method. The errors due to the approxima-

tion of the R-K method and that from the round-off of the numerical calculation in the computer 

have to be carefully considered. Generally speaking, the error due to the R-K approximation 

decreases with the decrease of the step length, and the round-off error increases with the decrease 

of the step length. Inappropriately chosen integration step length affects the simulation results and 

may sometimes even result in divergence. The integration step length is chosen as 0.001 s. in this 

simulation. 

(2) effect of assuming generator terminal voltage constant 

It can be seen from the simulation procedure summarized in Section 5.3.2 that when solving 

the differential equations 4.2.1 through 4.2.10 in step (6), the generator terminal voltage is assumed 

constant. This is not true in practice. This incorrect assumption will introduce some error in the 

simulation. If the system contains an infinite bus, the variation of the generator terminal voltage 

during an integration step interval is not too large. In that case, the error due to the assumption of 

constant generator terminal voltage in the integration step interval does not cause a serious prob-

lem. However, if the system does not contain an infinite bus, the error due to this assumption will 

considerably affect the results and sometimes even make the simulation diverge. In this case, some 

other simulation method has to be used as presented in Chapter 6 where a simulation is undertaken 

for a multi-machine power system without infinite bus. 

5.4. Simulation Results 

The studies conducted in this chapter investigate the following two aspects of the SPSS. 

(1) The cooperation between the SPSSs installed on a number of generating units. 

(2) The cooperation between the SPSS and the conventional PSSs installed on other generating 

units. 



I. 
I 

115 

For this reason, two kinds of stabilizers are used, the SPSS proposed in chapter 3 and the 

conventional PSS having the transfer function [96] 

(5.4.1 ) 

Both stabilizers use po as the supplementary stabilizing signal. 

The aim is to get a general idea of how well the SPSS cooperates with the other stabilizers. 

As in the single machine infinite bus system, the response of the multi-machine system was tested 

to the following disturbances: 

(1) a 0.02 p.u. step change in input torque is applied to one generator at a time. The response is 

given in Fig.5.5. 

(2) a disturbance of 0.02 p.u. step change in reference voltage in one generator at a time. The 

responses is given in Fig.5.6. 

(3) a disturbance of 0.25 p.u. step change in input torque in one generator while operating at lag-

ging and leading power factor alternatively. The response are given in Fig.5.7. 

(4) a disturbance of sudden large changes in loads. The response is given in Fig.5.8. 

(5) Open and close one transmission line. The response is given in Fig.5.9. 

(6) A 0.1 short-circuit on bus #6 followed by the disconnection of all transmission lines con-

nected to this bus and successful reclosure after 1.5 s. The response is given in Fig.5.10. 

(7) A 0.1 s short circuit on bus #4 (infinite bus). The response is given in Fig.5.11. 

For each case mentioned above, four different combinations of PSS and SPSS were used. The 

combinations are shown at the bottom of each figure, where "C" stands for conventional PSS; "S" 

stands for the self-tuning PSS; and "O" indicates no stabilizer. Subscripts associated with "C", "S", 

and "O" represent the generator number. 
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Fig.5.10 Response to a Short Circuit on Bus #6, Disconnection of all Lines and Reclosure after 1.5 s 
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From these figures the following observations can be made: 

(1) The SPSS is very effective in improving the stability. This can be seen by comparing the set-

tling time of all the swing curves. Once the generator is equipped with the SPSS, the settling 

time is greatly reduced. 

(2) even if only one machine is equipped with an SPSS, all machines in the system benefit from 

it The main benefit, however, goes to the generator directly controlled by the SPSS. The 

benefit to a generator is inversely proportional to the distance from the SPSS. 

(3) the SPSS installed on any generator cooperates with the other stabilizers, PSS or SPSS. The 

actions of an SPSS are not in conflict with the performance of a stabilizer on another generat-

ing unit 

(4) the best results are obtained when all the generating units are equipped with the SPSS. In this 

case, the stability of the whole system is greatly improved. 

5.5. Analysis 

The behaviour of the proposed SPSS in the multi-machine power system has been presented 

in Section 5.4. From the simulation results the capability of the SPSS to cooperate with any other 

kind of PSS is evident The reasons for the SPSS being able to cooperate with the other stabilizers 

are analyzed in this section. 

General configuration of a multi-machine power system is shown in Fig.5.12, from which it 

can be seen that a multi-machine system is actually a large scale system with the following 

features: 

(1) the whole system is composed of many sub-systems and these sub-systems are physically far 

removed. 

(2) compared with the connections within the individual sub-systems, the inter-connections are 

weak. 
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Power System Network 

Y1 Yi Y n 

G#l G#i G#n 

U1 U · ' Un 

PSS1 PSS; PSS,. 

Fig.5.12 Block Diagram of Multi-machine Power System 
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Complete state space equation for the system shown in Fig.5.12 can be written as 

[XJ1 [GJ11 [L]li [XJ1 

[XJi = [Lb [Gfo [X]i + 

[L]'" [G]M 

T 

[[B] 1 · . [B]; · · [B],.] · Uj (5.5.1) 

or 

X=A·X+B·U 

where: 

[G],:; is the complete matrix of the sub-system i. 

[L];j is the interaction matrix representing the action of sub-system on sub-

system j. 

[BJ; is a vector of the same dimension as n . 

[X]; is the state variable vector of sub-system i . 

[U] is the control vector. 
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Changes in the network or system operating conditions such as load level and disturbances 

affect the outputs of all units in the system as seen from Eqn.5.5.1. Use of a centralized control 

technique to solve this kind of large-scale control problem is always difficult and sometimes unsuc-

cessful[153]. It also requires large amounts of data to be transferred. One alternative is to use 

decentralized control [154]. Another possibility is the application of hierarchical control [155]. The 

main shortcoming of these methods is the tedious calculation procedure and the data transmission 

required between sub-systems. 

The output of an individual unit reflects the system operating conditions and the unit's loca-

tion vis-a-vis a system disturbance. It is thus a fair guage of the effect of inter-connections to and 

contributions of other units in the system. The SPSS proposed in this paper identifies the transfer 

function of the generator by continuously monitoring the output and the input of the unit. This 

transfer function, based on local measurements, thus includes the effect of the entire multi-machine 

system so far as the particular unit is connected. 

To analyze the behaviour of the SPSS in the multi-machine system, consider the 

erator. The output equation for this generator can be written as 

where 

y;=C; ·X 

y; is the output variable, and 

C; is the output row vector. 

th gen-

(5.5.2) 

From the viewpoint of an observer on the stabilizer SPSS for the th generator, the 

input/output transfer function can be derived from the equation 

H(s) = Ci · [ s · I - A r 1-B; (5.5.3) 
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Then 

y,{s) Bs(s) -----
U;(s) As(s) (5.5.4) 

or using the backward shift operator z-1 , 

(5.5.5) 

where 

(5.5.6) 

(5.5.7 ) 

Both A,.(z-1
) and B rez-1) are high order polynomials of z-1 • When the SPSS identifies the 

parameters of the system, the closer the orders of Ar(z-1) and B,.(z-1) in Eqn.5.5.5 are to that of 

A(z-1
) and B(z-1

) in Eqn.3.6.1, the closer the model approaches the real system. But in real-time 

application, it is neither practical nor necessary to use a high order model to identify the system for 

the following reasons: 

(1) Although the actual system is a high order system, as the interaction between the individual 

sub-systems is relatively weaker than that within the sub-system itself, only the main part of 

the inter-connection needs to be considered. 

(2) As the identification is carried out every sampling interval, the least squares identification 

technique automatically fits the model parameters to the actual input-output characteristics. 
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This guarantees that the main effect of the inter-connections between the sub-systems is 

reflected in the parameters of the identified mcxlel. The parameters are time varying and give 

an accurate representation of a non-linear system. 

(3) A high order model involves a heavy calculation burden, which is undesirable for the on-line 

computer control. 

Simulation results show that it is quite acceptable to represent the high order system by a low 

order model with time varying parameters. In the present case, the generating unit has been 

identified as a third order system given by Eqn.3.6.1 with output y(t) representing the rotor speed 

p5 , and input u(t) representing the stabilizing signal input to the A VR. Fig.5.13 shows how the 

identified parameters of the individual sub-systems track the disturbance which occurs in one of the 

sub-systems of the multi-machine system. 

From the above analysis it is not difficult to realize why the SPSS has the ability of accom-

mcxlating the whole system with its interconnections and cooperating with the other PSSs even 

though it makes use of only the local measurement. 

5.6. Summary 

The performance of the proposed SPSS is examined in a multi-machine power system. The 

studies carried out in this chapter show encouraging results. The main problem in the multi-

machine power system control is how to consider the inter-connection of the individual generating 

units and how to ensure cooperation between the controllers installed on generators located far 

apart. In the deterministic control area, this problem is difficult to solve except by using the large 

system control theory. The use of large system control theory, however, requires large amount of 

computation which is difficult to realize in on-line computer control. 

Although the parameters identified by the SPSS are based on local measurements only, the 

identified transfer function incorporates the effect of the main interactions from other parts of the 
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system including the other generators and their controllers. Simulation results prove that the pro-

posed SPSS solves the stabilizer coordination and synthesis problem which has long existed in the 

multi-machine power system. Using the conventional PSS to solve this problem always involves 

complex calculations. 

In addition, the inherent advantage of being easily realized on a micro-computer makes the 

SPSS the best choice for power systems. The proposed SPSS always supplies the maximum damp-

ing torque for the steady state, dynamic and transient stabilities. As a result, the whole system sta-

bility is considerablely improved. 
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Fig.5.13 Parameter Variation after a 0.4 p.u. Step Change in Generator #2 Input Torque 
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CHAPTER 6 

PERFORMANCE OF SPSS IN A POWER SYSTEM 

WITH MULTI-MODE OSCILLATIONS 

6.1. Introduction 
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This chapter deals with a special power system oscillation problem, i.e. multi-mode oscilla-

tion problem. This problem occurs in the multi-machine power systems where the rotors of 

machines, behaving as rigid bodies, oscillate with respect to one another using the electrical 

transmission path between them to exchange energy [52]. Different oscillation modes specify 

different system properties and have different oscillation frequencies. If a generating unit partici-

pates in this kind of oscillation, generator rotor oscillation will contain more than one oscillation 

frequency. As mentioned in Chapter 3, the proposed SPSS uses third order model to identify the 

real system. Theoretically the SPSS can only identify at most one pair of complex roots which 

corresponds to one system oscillation frequency. The question of whether the proposed SPSS can 

supply positive damping to the multi-mode oscillation arises. 

This chapter aims to investigate the ability of the proposed SPSS to damp out the multi-mode 

power system oscillations. In order to do this, a three machine (without infinite bus) power system 

is used and its transient response to a large disturbance is presented with the multi-mode oscillation 

phenomenon. This aims to give a general idea of the multi-mode oscillations. 

As the system does not include an infinite bus, the numerical calculation convergency prob-

lem becomes serious. A simulation procedure which gives better convergence property than the 

procedure given in chapter 5 is presented in this chapter. 
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Simulation is conducted for only one case of large disturbance which causes the system to 

oscillate with the multi-mode oscillations. The simulation results and the analysis are given. 

6.2. A Multi-machine Power System and the Multi-mode Oscillations 

The multi-mode oscillations appear in a multi-machine power system in which the intercon-

nected generating units have quite different inertia constants and they are weakly connected by 

transmission lines. In order to simulate the multi-mode oscillation, a multi-machine power system 

based on the system used in [52] is chosen and presented in this section. The system response when 

subjected to a large disturbance is given in this section for the purpose of getting a general idea of 

the multi-mode oscillations. 

6.2.1. Multi-machine Power System Model 

The multi-machine power system simulated in this chapter is shown in Fig.6.1. Three gen-

erating units are connected through the transmission network. No infinite bus is included. In this 

system a 1000 MVA generating unit is connected to an area having a capacity of 10 GVA which is 

represented by the generating unit 2. This area is connected to another power system of equal 

capacity through a long transmission line. Each area is fully loaded serving its own load with only 

a small load transfer through the transmission line. 

All three generating units are equipped with a governor and an A VR combined with the 

exciter. The governor, A VR and exciter have the same transfer function as given in Chapter 5. Con-

stant impedances are used to simulate the loads. The parameters of the generators and their regula-

tors, transmission lines, loads and the operating conditions are given inAppendix VIII. 

A O. ls three phase to ground short circuit is applied at the far end of one of the parallel 

transmission lines as shown in Fig.6.1. The fault is cleared by disconnecting the transmission line. 
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Fig. 6.1. A Multi-machine Power System without 

Infinite Bus 
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6.2.2. System Modes of oscillation 

Although the oscillation of the multi-machine power system is quite complicated, the oscilla-

tion frequency range of concern to stability occurs in the 0.2 to 2.5 Hz. The oscillations· in this fre-

quency range are simply analyzed in three main oscillation modes, i.e. local mode, interarea mode 

and interplant mode. 

The local oscillation mode occurs when remote generating units are connected to a relatively 

large power system through weak, essentially radial transmission line. The frequency of this kind of 

oscillation is in the range of 0.8 to 1.8 Hz.[30] 

The interarea oscillation mode is another kind of troublesome oscillation that results as a 

consequence of the aggregate of units at one end of the intertie oscillating against the aggregate of 

units at the other end. The natural frequency of oscillation of interarea mode is typically in the 

range of 0.2 to 0.5 Hz.[19,157,158] 

Another kind of oscillation mode, interplant mode, occurs between units in the same plant. It 

is a consequence of their controls interacting rather than power transfer stability limits. It is gen-

erally undesirable for a stabilizer to respond to these intraplant oscillations, typically in the fre-

quency range from 1.5 to 2.5 Hz. As some input signals, such as ac bus frequency and summation 

of power, are inherently less sensitive to these intraplant modes than speed or power signals, 

appropriately chosen input signal can solve this kind of oscillation problem. For this reason, this 

mode of oscillation generally is not taken in to account when designing a power system stabil-

izer.[159] 

When the multi-mode oscillations occur in the multi-machine system, some generators parti-

cipate in only one oscillation mode, while others participate in more than one mode. This can be 

seen from Fig.6.2 which shows the system response when the multi-machine system shown in 

Fig.6.1 is subjected to a short circuit fault mentioned in sub-section 6.2.1. 
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Multi-mode oscillations are quite obvious in Fig.6.2. The relative speed difference between 

generating units #1 and #2 is shown in Fig.6.2(a). As both generators are in the same area, the 

oscillation between them exhibits the local oscillation mode at about 1 Hz. As generating units #2 

and #3 are the main elements of the two areas, the oscillation between them behaves mainly as the 

interarea oscillation mode. Fig.6.2(c) shows the speed difference between generating units #2 and 

#3 with an oscillation frequency of about 0.33 Hz. The oscillations shown in Figs.6.2(a) and 6.2(c) 

mainly contain one oscillation mode. However, multi-mode oscillations can be observed in 

Fig.6.2(b). It is because generating unit #1 oscillates with its own area, generating unit #2 with the 

local oscillation mode and the whole area oscillates against the other area, generating unit #3, with 

the interarea oscillation mode. Consequently, the oscillation between generating unit #1 and #3 

includes both oscillation modes. This multi-mode oscillation can also be seen from Fig.6.2(d) in 

which the absolute speed of generating unit #1 is shown. 

6.3. Simulation Procedure 

As the multi-machine power system does not contain the infinite bus, the numerical calcula-

tion convergence problem becomes a serious problem as has been mentioned in Chapter 5. When 

the simulation procedure presented in Chapter 5 was used to simulate this system, the numerical 

calculation always diverged. For this reason, a new simulation procedure was used. In this pro-

cedure, simulation of the transmission line and the loads is the same as in Chapter 5. The generat-

ing units were modeled by five first order differential equations given below: 
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(6.3.1) 

with ed , o and v being the state variables. With e/ , and e;' being chosen as the 

state space variables, generators can be represented as voltage sources eq" and e;' behind the 

reactances x/ , and xd", respectively, when solving the network algebraic equations. Then x/ 
and x;' can be combined with the network impedance matrix. In this way, the numerical errors 

due to solving the generator and network equations separately are reduced. This helps in improving 

the convergence. 

In the simulation procedure used in this chapter, the differential and the algebraic equations 

also have to be solved iteratively. As the sub-transient variables e;' and e/ are the state vari-

ables they can be solved by the differential equations. In order to solve the algebraic network 

,, 
and xqi have also to be transferred to the x-y axes and combined 

with the network impedance matrix. 

Solving the algebraic network equation gives the terminal currents /xj and IY; and the ter-

minal voltage Vz . and Vy . . These terminal variables Vz . , Vy . , Ix . and ly . are then used for the 
I I I I I I 

next iteration. 

The simulation procedure can be summarized as follows: 

( 1) form the original network admittance matrix 

(2) form the reduced network admittance matrix 
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(3) form the reduced network impedance matrix from the reduced network admittance matrix 

( 4) select a reasonable set of initial operating conditions, say the terminal voltage , and solve for 

the terminal current by using the network admittance matrix. 

(5) from the generator phasor diagram shown in Fig.5.4 and the terminal variable in the x-y 

frame calculate the terminal variables in d-q frame for each generating unit 

(6) solve the differential equations given by Eqn.6.3 .1 for the generators by using state space 

variable e/ , eqH and 6 at the next time instant t1+1 = t1 + & ( 6.t = 0.001 s. ) by using 

the fourth order Runge-Kutt.a integration method. 

(7) 

(8) · 

change the generator state variables edj 

the x-y frame. 

and 

change the generator sub-transient reactances 

in the d,q; frame to V1 . and Vy . in 
I I 

and xqi in to equivalent reactance in the 

x-y frame, combine the generator equivalent impedance to the network impedance matrix and 

calculate the combined network admittance matrix. 

(9) calculate the terminal currents Ix and 11 and then the terminal voltages Vx and Vy by 

use of the combined network admittance and the network impedance matrix. 

(10) change the generator terminal variables Ix, 11 , Vx and V1 from x-y frame to Id , Iq , 

(11) by using /di , Iq; , V "i- and Vq; repeat the procedure from steps (6) to (10) until the 

required integration time interval is satisfied. 

Method of simulating the disturbance is the same as mentioned in Chapter 5. 

6.4. Simulation Results 

The SPSS developed in Chapter 3 was applied to the above mentioned multi-machine power 
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system and subjected to the above mentioned disturbance. The simulation results are presented as 

follows. 

Fig.6.3 shows the system response when generator #1 is equipped with the SPSS. 

Fig.6.4 shows the system response when the generators in one area, i.e. generating units #1 

and #2, are equipped with the SPSS. 

Fig.6.5 shows the system response when all generators in the system are equipped with the 

SPSS. 

For comparison purposes, the system responses with no stabilizer used are also given in these 

figures. From Figs.6.3 through 6.5, it can be concluded that 

(1) The proposed SPSS has the ability to damp multi-mode oscillations . It can be seen from 

Fig.6.3 that even if only one generating unit is equipped with the SPSS, the whole system 

benefits. It is observed that not only the speed difference oscillations between generating 

units #1 and #2, and between #1 and #3 are greatly depressed but the speed difference oscil-

lation between generating units #2 and #3 is also depressed to some extent. It is noticed that 

the capability of the SPSS installed on generating unit #1 to damp the oscillation between 

generators #2 and #3 is limited. This is because, compared with the capacity of generators #2 

and #3, generator #1 is relatively small. 

(2) If all the generators in one area are equipped with the SPSS, all the oscillation modes related 

to this area are damped out effectively. This can be seen from Fig.6.4 in which both genera-

tors in one area are equipped with the SPSS. Both local and interarea modes of oscillation 

are damped out quickly. 

(3) The contributions from SPSSs in different areas support each other. This can be seen from 

Fig.6.5 in which all the generators in the system are equipped with the SPSS. This case 

results in the best system response. 
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6.5. Analysis and Discussion 

Simulation results given in section 6.4 show the effectiveness of the proposed SPSS to damp 

out multi-mode oscillations. This section aims to answer the question of why and how the SPSS is 

able to damp out the multi-mode oscillations. Conclusions (2) and (3) drawn in section 6.4 are easy 

to understand for the reasons mentioned in chapter 5. In this section emphasis is laid on the 

analysis of conclusion (1) drawn in section 6.4. 

Carefully examining the system response, it is interesting to note that the SPSS installed on 

generator #1 damps the system oscillations one at a time according to their dominance. This can 

be analyzed as follows. Although the system response with multi-mode oscillations system con-

tains all the oscillation frequencies all the time, it is possible to roughly divide the transient period 

in to two parts. This can be seen from the multi-mode oscillation curve given in Fig.6.2(d) in 

which generator #1 participates in both local and interarea modes of oscillation. The figure shows 

that just after the disturbance the local mode oscillation is the most dominant oscillation and after 

that the interarea mode of oscillation plays the main role. 

As the SPSS identifies the system dynamics on-line, the local mode oscillation is first 

identified. According to the identified system parameters the controller generates an output which 

aims to damp out this identified frequency of oscillation. After the local mode oscillation has been 

damped out, the interarea mode oscillation becomes the dominant oscillation which is then 

identified by the identifier of the SPSS. The controller automatically tunes itself to the new dom-

inant oscillation frequency. As a result, interarea mode of oscillation is damped out next. 

This analysis can also be verified by the identified parameters. Identified parameter variation 

of generator #1 when only generator #1 is equipped with the SPSS is given in Fig.6.6. Fig.6.6 

shows different identified parameter changes from that given in Fig.4.6(c) obtained from the single 

machine infinite bus power system. In Fig.4.6(c), the parameters converge very fast to their new 

values, whereas the parameters shown in Fig.6.6 change slowly to their new values. From the 

identified A parameters, it is possible to calculate the characteristic roots of the identified system in 
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the "z" domain. By using the transformation, 

z = If' (6.5.1) 

the identified system oscillation frequencies can be calculated which are given in table 6.1. From 

this table, it can be seen that the identified oscillation frequency changes from the local mode oscil-

lation frequency of 1. 0 Hz. to near the interarea mode oscillation frequency of 0.33 Hz. 

The output of SPSS installed on generator #1 given in Fig.6.7 shows that the output to damp 

out the multi-mode oscillation is divided in to two parts. During the period just after the distur-

bance, the output changes with a high frequency which corresponds to the local mode of oscilla-

tion. After that, the output changes with lower frequency which is associated with the interarea 

mode of oscillation. 

6.6. Summary 

In this chapter the behaviour of the proposed SPSS in the multi-mode oscillation is investi-

gated. Simulation results show that the SPSS is able to damp out the power system multi-mode 

oscillations even when a low order system model is used. 

As the SPSS identifies the system dynamics on-line, the most dominant oscillation mode can 

be identified by the identifier of the SPSS all the time. The control strategy used in the proposed 

SPSS guarantees that the maximum damping is always produced to damp out the identified fre-

quency of oscillation. Thus the proposed SPSS is able to damp out the multi-mode oscillations one 

by one according to their dominance. The advantage of using self-tuning technique to the power 

system stabilizer can be seen again. 
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Tab.6.1 Identified System Oscillation Frequency 

identified oscillation 
time after disturbance (s) frequency (Hz) 

2.5 1.024 

5.0 0.737 

7.5 0.583 

10.0 0.537 

12.5 0.501 

15.0 0.475 

17.5 0.452 

20.0 0.433 
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CHAPTER 7 

PERFORMANCE OF THE SPSS IN A POWER SYSTEM WITH 

SUB-SYNCHRONOUS RESONANCE 

7 .1. Introduction 

Subsynchronous resonance (SSR) problem occurs in power systems in which series capacitors 

are used to compensate for the transmission line reactance and thus raise the power limit of the 

line. The presence of series capacitors, however, has brought about the phenomenon of subsynchro-

nous resonance. Although investigation of this problem began very early, it did not receive much 

attention until the destruction of two generator shafts at the Mohave Power Station on December 9, 

1970 and October 26, 1971 [160]. Since then, considerable effort has been expended to find solu-

tions and cure this damaging effect. 

In a series-capacitor-compensated power system, the transmission line inductance and the 

series capacitor form a resonant circuit. The natural frequency of this circuit is always less than the 

synchronous frequency. At the same time, the turbo-generator mechanical system forms a series 

mass-spring system. The torsional frequencies of this system usually also lie in the sub-

synchronous frequency range. Oscillations in the electrical network will produce the oscillations in 

the current which will produce an electromagnetic torque oscillation at the electrical resonance fre-

quency. The oscillation in the electromagnetic torque will, then, interact with the turbo-generator 

mass-spring system. If the resonance frequencies in the two systems are the same, it will result in 

undamped electrical and mechanical oscillations. Such a phenomenon is called sub-synchronous 

resonance [161]. 
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The · electrical oscillation phenomenon in the SSR is the self-excitation phenomenon which 

behaves as the undamped oscillation of the electrical variables, whereas, the torsional resonant 

oscillation occurs in the mechanical system. It has been noticed that it is not necessary that all 

these phenomena occur simultaneously in every SSR system. However, the phenomenon of interest 

to the industry is the torsional oscillation problem which has caused the above mentioned damage 

[160]. 

Over the years much research has been directed towards this problem. The phenomena of 

self-excitation, tortional interaction and hunting are analyzed from different aspects in [160,162]. 

Various methods used to cure these phenomena are proposed in [161,163-166]. A full investigation 

of this problem is beyond the scope of this thesis. Only the interactions between the proposed SPSS 

and the subsynchronous resonance, which are mentioned in the next section, are studied. 

7 .2. Basic Requirements of the PSS 

As the SSR is an important problem which causes serious damage, and the PSSs are widely 

used to increase the power system dynamic stability, the interaction between the PSS and the sub-

synchronous resonance becomes an interesting subject The conventional PSSs are designed such 

that they produce positive damping torque in the frequency range 0.25 to 5 Hz. It is, however, not 

certain that they produce a positive damping torque in the subsynchronous resonance frequency 

range of 15 to 50 Hz. 

Studies have shown that inappropriate phase compensation by the conventional PSS in the 

subsynchronous resonance frequency range sometimes makes the conventional PSS give negative 

damping contribution to the power system [164]. Large tortional oscillations of very high frequency 

may saturate the PSS output. This results in the PSS losing its effectiveness in damping the low 

frequency electro-mechanical oscillations. For these reasons, the basic requireme_nts for the PSS 

from the view point of the SSR can be specified in the following two aspects. 
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( 1) Subsynchronous oscillation should have a minimum effect on the PSS. This ensures that in 

spite of the existence of the sub-synchronous resonance, the stabilizer can still supply enough 

positive damping for the lower frequency oscillations. 

(2) Ideal PSS should be able to give positive damping contribution to the subsynchronous reso-

nance problem. At least it should not provide negative contribution to this problem. This 

guarantees that the stabilizer will not adversely affect the subsynchronous oscillations. 

Significant attention has been paid to these two problems. Appropriately chosen stabilizer 

signal can solve the first problem mentioned above. It has been found that some signals, e.g. the 

accelerating power are not very sensitive to the subsynchronous resonance problem [69]. Some 

results show that by using a filter the interaction of sub-synchronous resonance and the stabilizer 

can be minimized [164). 

It is very difficult to design a PSS that gives positive damping over the low frequency as 

well as the high frequency range. Thus the solution of the second problem mentioned above always 

needs additional supplemental control networks [165]. The basic idea is that by using a specially 

designed filter, the subsynchronous resonance signal can be picked up. This signal is then used to 

damp out the SSR oscillation through another compensation network. As the SSR frequency 

depends upon the capacitor compensation level, different SSR oscillation frequency occurs if the 

compensation capacitor changes. The SSR frequency ranges from 15 hz to 50 Hz. This means that 

several compensation networks may be needed in order to cope with all possible SSR frequency 

oscillations. 

Optimal control theory has also been used to solve the SSR problem [166]. As the optimal 

control theory is based on all state variable feed-back, the computation burden is heavy. Instead of 

using the series capacitor, the use of shunt capacitors has been suggested to solve this problem 

[163]. Use of the shunt capacitor has the difficulty that the capacitors have to be distributed along 

the transmission line. 
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The performance of the SPSS proposed in Chapter 3 is tested in the above mentioned two 

aspects. The results are presented in the next section. 

7.3. System Model 

The system used in these studies is shown in Fig.7 .1 [166], in which the generating unit is 

represented by six cascaded mass-spring systems. The generating unit is connected to the infinite 

bus by a series capacitor compensated transmission line. The governor is also represented by a 

more detailed model than in the earlier part of this thesis. The steam system between different 

stages of the turbine is also presented in the figure. 

The mathematical model of the system is given below with the parameters being given in 

Appendix IX. 

(1) The mechanical system 

(7 .3.1) 

(7.3.2) 

FLPA I 
TI.PA=----. T1p - ----. TLPA 

Teo· F1p Teo 
(7.3.3) 

(7 .3.4) 

where 

P GV power at gate outlet 
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Ten steam chest time constant 

TRH reheater time constant 

Teo cross-over time constant 

Fnp high pressure turbine power fraction 

F1p medium pressure turbine power fraction 

FLPA low pressure turbine A power fraction 

FLPB low pressure turbine B power fraction 

Tnp high pressure turbine torque 

T1p medium pressure turbine torque 

TLPA low pressure turbine A torque 

TLPB low pressure turbine B torque 

(2) The mass-spring system 

(7.3.5) 

(7.3 .6) 

(7 .3.7) 

(7 .3.8) 

(7.3.9) 

(7.3.10) 



where 

~4 = rob · ( v 4 - roo ) 

o = rob · ( v - roo ) 

o displacement angle in electrical radians. 

vi speed of the ith rotor in per unit. 

ro0 synchronous speed= 1.0 p.u. 

rob base speed 377 rad/sec 

oi mechanical angle displacement in radians . 

Te electrical torque 

(3) Speed governor 

. Ka 1 
a = Ti · ( O)ref - V ) - Ti · a 
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(7.3 .11) 

(7.3 .12) 

(7.3.13 ) 

(7.3.14) 

(7 .3 .15) 

(7 .3.16) 

(7.3.17) 



169 

· 1 1 Pav= - · a - - · (Pav-Po) 
T3 T3 (7.3.18) 

. . . 
Pavrmn < p < Pavmv. 

where 

Ka actuator gain 

Ti actuator time constant 

T3 servomotor time constant 

a actuator signal 

V generator speed 

Wref reference speed 

PO initial power reference 

( 4) The electrical system 

Representation of the synchronous generator is the same as that presented in Chapter 4. 

Generator terminal voltage is represented as: 

(7.3 .19) 

(7.3.20) 

V = V · sino "°d oo (7,3,21 ) 

V = V · coso "°q 00 (7,3,22) 
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The voltage across the capacitor is given by: 

(7 .3.23) 

(7 .3.24) 

The A VR and exciter models are the same as used in Chapter 4. The output of the stabilizer 

is applied to the exciter. 

7 .4. Results 

Frequency response analysis showed that the system described in Section 7 .3 has resonance 

frequencies of 16, 20.5, 25.5 and 37 Hz corresponding to 40%, 70%, 50% and 30% capacitor com-

pensation levels respectively. A frequency response with a 60% capacitor compensation is given in 

Fig.7 .2. The behaviour of the SPSS developed in Chapter 4 when used with the above system is 

investigated in the following two aspects. 

7.4.1. Influence of the SSR on SPSS 

This investigation compares the system responses between two cases: 

(a) Generator is represented as a rigid body. 

(a) Generator is represented as a mass-spring system 

System response with SPSS and without stabilizer when subjected to a 5% step change in the 

terminal voltage is given in Fig. 7 .3 Responses of the rigid body system and mass-spring system are 

simulated for comparison purposes. 

System response for a step change in the compensation capacitor from 60% to 40% of the 

transmission line reactance is shown in Fig.7.4. 
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In these studies, a fourth order low-pass butterworth filter was used to filter out the high fre-

quency component in the generator rotor speed variation in order to decrease the influence of the 

SSR on the SPSS. Responses of both the rigid body system and the mass-spring system are given 

for comparison. 

From these figures it can be seen that the effectiveness of the SPSS is retained in a power 

system that exhibits SSR. 

7 .4.2. The Effect of SPSS on SSR 

As the control period of the proposed SPSS is set at 100 ms, and the lowest SSR frequency is 

about 15 Hz, theoretically this SPSS is not able to damp out oscillations at the SSR frequencies. On 

the other hand, as the SPSS has the ability of tuning itself to the system dynamics, it is possible to 

establish another control loop which will identify the SSR frequency and produce damping torque 

corresponding to that frequency. Following this idea, a two loop SPSS is designed as shown in 

Fig.7.5. This modified SPSS contains two control loops, a low frequency control loop used for the 

electromagnetic oscillations discussed in the previous chapters and a high frequency control loop 

used for the SSR oscillations. 

As the SSR problem results from the interaction between the electrical resonant network and 

the mechanical system, the oscillation mainly contains one oscillation frequency. Because of this , 

the second SPSS loop is designed to identify only a second order model. This works as a high fre-

quency control loop in the two loop SPSS. A band pass filter with the frequency band from 15 to 

50 Hz is used to obtain the stabilizer signal from the generator rotor speed deviation signal. The 

control period for the high frequency loop is chosen as 10 ms. As this loop only uses a second 

order system model, it can be implemented by a micro-computer using the dual rate self-tuning 

control technique presented in Chapter 8. 

A three phase short circuit disturbance at the infinite bus end of the transmission line is used 

to test the effectiveness of the two loop SPSS on the SSR problem. The system response is given in 
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Fig.7 .6. It can be seen from this figure that by using the modified SPSS, both the electromagnetic 

and the SSR oscillations are depressed to some extent An additional advantage of the modified 

SPSS is that as the self-tuning controller can identify the SSR oscillation frequency and tune itself 

to that frequency, only one loop is necessary to damp different SSR frequencies of oscillations. 

7.5. Summary 

The behaviour of the SPSS in the SSR system is investigated in this chapter. The simulation 

results show that with the help of a filter, the SPSS works in the SSR system almost as effectively 

as in the system without SSR oscillations. In addition, the SPSS can be simply modified by adding 

a supplemental loop to accommodate the SSR problem. As the supplemental loop is used to damp 

the higher frequencies of oscillation, its control rate has to be relatively high. In order to increase 

the control rate an SPSS with a second order model identification can be used. By using the dual 

rate self-tuning technique a 10 ms control period second order model SPSS is able to be realized 

by two micro-computers. 
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CHAPTER 8 

DUAL RATE SELF-TUNING POWER SYSTEM STABILIZER 

8.1. Introduction 

The property of the proposed SPSS when used in the power system has been analyzed and 

examined from different aspects in Chapters 3 to 7. All these results show that the SPSS is a very 

promising controller for improving the power system stability. As the SPSS is to be realized in a 

discrete form using a micro-computer, the control period becomes another tuning parameter as 

briefly outlined in Chapter 3. 

This Chapter aims to develop a method which can further improve the property of the pro-

posed SPSS. Based on the consideration that decreasing the control period generally improves the 

system performance, a dual rate self-tuning control strategy is proposed Based on this technique a 

dual rate SPSS (DSPSS) is developed. The design details of the DSPSS are presented in this 

Chapter. Simulation results are used to compare the performance of the DSPSS with that of the 

SPSS. The laboratory environment implementation, which includes the hard-ware and soft-ware 

development, is also presented in this chapter. The implementation results given in this chapter 

verify the simulation results and show the possibility of the practical use of the proposed DSPSS as 

well. 

8.2. Effect of the Control Period on the SPSS 

It has been mentioned in Chapter 3 that the self-tuning control performance will be affected 

to some extent by the rate at which the control is updated. If the system noise can be modeled 



180 

correctly, faster control speed always results in better closed-loop system response. Although 

theoretical proof of this is difficult, it can be verified by simulation studies. 

Simulation results using the proposed SPSS at different sampling rates are shown in Fiqs.8.1 

and 8.2. These results are obtained on a single machine connected to an infinite bus through a dou-

ble circuit transmission line described in Chapter 4. 

Figure 8.1 shows the effect of the control rate on the dynamic stability limit. These results 

are for the generator operating with a constant terminal voltage of 1.15 p.u. It can be seen from 

Fig.8.1 that as the control period decreases from 100 ms to 20 ms the dynamic stability limit 

increases from 1.795 to 1.998 p.u .. It can also be seen that further increase in control rate does not 

increase the limits significantly. 

System response for a 0.35 p.u. step input torque change, switching of line and a three-phase 

short-circuit at the far end of one of the transmission lines is shown in Fig.8.2. 

In these three cases, studies were conducted for three control periods, i.e. 100, 50 and 20 ms. 

From these figures it can be seen that with the decrease of the control period the system dynamic 

performance, such as, the overshoot and the settling time, is improved. 

Although the simulation results strongly support the decrease of the control period in order to 

further improve the closed-loop system performance, the control period can not be decreased arbi-

trarily. Since SPSS is realized using a micro-computer, decreasing the control period must take in 

to account the implementation environment The speed of the micro-computer used is a major fac-

tor that limits the increase of the control rate. The control strategy presented in the next section 

provides a method that helps in alleviating this problem. 

8.3. Dual Rate Self-tuning Control Technique and DSPSS 

Implementation of the SPSS proposed in Chapter 3 has been done in the power system 

research laboratory of the Department of Electrical Engineering, University of Calgary and the 
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results are presented Ref.[167]. This implementation made use of a single board microcomputer, 

Intel SBC 86'30 using 8086 CPU, coupled with a numerical data processor, Intel 8087. As the time 

needed to calculate the parameter identification and the control out-put were 75 ms and 15 ms, 

respectively, the control period was chosen as 100 ms. 

The microcomputer based SPSS was used to control a micro-machine in the laboratory and 

showed favorable results. From the results presented in [167] it can be seen that a further reduction 

in the control period is difficult by the use of only one microcomputer. 

Another configuration was, therefore,engineered using two micro-computers. This was accom-

plished by the separation of the identification and control tasks and allocating one task to each 

computer. Both computers were linked using the Intel multi-bus, multi-master structure. Necessary 

data, e.g. system parameters and measurements, was transferred over the Intel multi-bus to the 

appropriate tasks. Using this approach a 20% improvement was gained in reducing the control 

period to 80 ms. This control strategy, however, proved uneconomical since the control SBC was 

idle for 65 ms of the control period. The dual-rate self-tuning control technique was then 

developed to effectively utilize the resources and maximize the improvement in the closed-loop 

system performance. 

In the dual rate self-tuning control, the calculation rates for parameter identification and the 

control output are chosen at different values. The ratio of the two rates can be appropriately 

chosen according to the particular application. As the single board implementation results showed 

that 75 ms and 15 ms,respectively, are needed to finish these two calculations, a natural choice is 

to use the control period Tc= 20 ms and identification period Ti= 80 ms. Another choice of 

using Tc = 30 ms and Ti = 120 ms allowed the use of some spare time for man-machine com-

munication interface. Both of these possibilities have a ratio of 4 between the two calculation rates. 

The time axis representation of the dual rate self-tuning control operating procedure is given in 

Fig.8.3 with Tc = 20 ms and Ti = 80 ms. 
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Coordination between the two parts of the calculation strategy shown in Fig.8.3 can be sim-

ply specified as follows. In every four periods of control calculation and output, the system parame-

ters are identified once. The current control output is always based on the latest identified system 

parameters. The parameter identification calculation is based on the data which were sampled in 

the previous 3 control periods. In this way, although the system identification period is still 80 ms , 

the control period is reduced from 80 ms to 20 ms. Compared with the single board implementation 

of self-tuning controller, the control speed of the dual rate self-tuning controller is 5 times faster. 

Although the idea of dual rate self-tuning control was outlined as early as 1973 [60], it has 

not received much attention since that time. Two alternative applications of dual-rate sampling con-

trol applied to the minimum variance controllers are described in Refs.[168-169]. 

Theoretical background to the use of the dual rate self-tuning control can be specified as 

below: 

(1) Dual-rate self-tuning control is based on the assumption that the system parameters have a 

slow rate of change. For this reason, it is quite reasonable to assume that during the 

identification period system parameters remain constant. 

(2) According to Ref.[148], keeping the identification rate at a low value helps in eliminating the 

unmodeled system dynamics, which are unwanted for the self-tuning controller. 

From another point of view the dual rate self-tuning control can be considered as a combina-

tion of the conventional controller and a self-tuning controller. Viewed from the identification cal-

culation periods, the dual-rate self-tuning control works as an ordinary self-tuning controller. How-

ever, viewed from the control calculation periods in an identification calculation period, the dual-

rate self-tuning control looks like a constant parameter controller. Therefore, it is similar to a con-

ventional controller. This duality combines the advantages of both kinds of controllers. As the 

conventional controller is usually implemented by the use of the analog elements, it always gen-

erates a smooth and continuous control output which then results in a smooth system response. The 

self-tuning control, as it is always implemented by the digital computer, usually does not provide 
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very smooth and continuous output, but it has the advantage of being able to track the changes in 

the system operating conditions. As the dual-rate self-tuning controller combines both these advan-

tages, it is expected to give better closed-loop system response. 

It is important to note that in the dual-rate self-tuning controller, term 'dual rate' does not 

mean that the system parameter identification and the control output calculation are based on data 

sampled at different rates. In self-tuning control, as the control output is calculated according to the 

identified parameters and the identified parameters depend upon the sampling rate, both the 

identification and control are usually based on the same sampling rate data. The difference 

between the ordinary self-tuning controller and the dual-rate self-tuning controller is that the former 

makes use of a unique calculation rate for both calculations and the latter uses two different calcu-

lation rates for different purposes. 

Based on the above mentioned technique, the dual-rate self-tuning power system stabilizer 

(DSPSS) is developed. Design details, simulation results and laboratory environment implementa-

tion of the proposed DSPSS are presented in the following sections. 

8.4. Simulation Results 

The system under test is the same as that used in Chapter 4. The DSPSS designed for the 

simulation studies made use of T, = 20 ms and T; = 80 ms for the dual-rate self-tuning control 

technique presented in Section 8.3. Two kinds of self-tuning PSS, SPSS and DSPSS, were tested on 

the system. 

The following studies were made to examine the performance of the DSPSS: 

(1) dynamic stability limit test. The results are presented in Fig.8.4(a). 

(2) step change in input torque test. The results are presented in Fig.8.4(b). 

(3) line switching test. The results are presented in Fig.8.4(c). 
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(4) short circuit test. The results are given in Fig.8.4.(d) 

The improvement of the DSPSS over the SPSS is obvious from the results shown in Fig.8.4. 

8.5. Multi-processor Implementation 

It has been mentioned in Section 8.3 that the implementation of the proposed SPSS in the 

single-rate sampled version is described in Ref.[167). The implementation of the DSPSS presented 

in this section is based on the above mentioned work. It keeps all the advantages of the single 

board micro-computer based SPSS including all the hardware and software developed. In order to 

get a general idea of the micro-computer based self-tuning controller, the general configuration of 

the implemented SPSS is highlighted first. 

A single board micro-computer ( Intel SBC86130 ) forms the main part of the hardware of 

the implemented SPSS. Other hardware used was the data acquisition system (DAS) and the ana-

log output module (DI A). The DAS was placed on the multi-bus configured as a slave module such 

that any master micro-processor could use it. The DAS has up to 8 analog input channels which 

may be used to synchronously sample and convert up to eight analog input signals to digital signals 

which can be used by the computer. The DI A module was placed on a local SBX interface and can 

only be controlled by that SBC86130 micro-processor. The DI A module also has 8 channels of 

analog output which are alterable by program control. In the SPSS implementation, only one DAS 

input channel . was used to measure the variation of the generator active power output and one DI A 

channel was used to output the stabilizer output. 

The SBC 86130 contains an 8086 16 bit micro-processor, two multi-module interfaces (SBX), 

128 k bytes of dual port random access memory (RAM), up to 64 k bytes of read only memory 

(ROM) space in steps of 8 k bytes, Multi-master multi-bus arbitration logic, 9 level programmable 

interrupt control, 2 programmable timer counters, a 24 line parallel interface and a serial communi-

cation interface. 
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The 8086 micro-processor instruction set is expanded to include floating point math by using 

an 8087 numerical data co-processor. Most of these facilities are incorporated in the SPSS control 

strategy. The RAM is used to store parameters and variables. The ROM space is used to store the 

SPSS control algorithm, the man machine interface program, and a variety of utility programs. The 

multi-master multi-bus arbitration logic has not been used in the SPSS implementation since only 

one SBC 86130 is used. This interface had to be used in the DSPSS implementation. 

One level of the 9 level interrupt was used to implement SPSS. This was incorporated with 

one of the timer counters to form the sample time interrupt used to set the control rate. The paral-

lel interface was not used and the serial interface provided the communication to a video display 

terminal used to display and/or change system parameters. 

The software for the SPSS was developed in a structured, modular form. This gives the 

advantage of incorporating a library of frequently used utility functions, such as, input of the power 

variation signal, output of the control signal, real number conversion and serial communication. 

The SPSS was implemented using a foreground/background task technique. The foreground 

task of the SPSS program is responsible for initialization of parameters and communication with 

the man-machine interface. The background task mode of the SPSS is entered by the occurrence of 

a sample time interval interrupt It first identifies the system and then calculates the control output. 

Upon completion of the background task the SPSS returns to the foreground task. 

8.5.1. Hardware Development for DSPSS 

Hardware configuration developed for the DSPSS implementation is shown in Fig.8.5. The 

main difference between the DSPSS and the SPSS hardware configuration is that another micro-

computer is added and connected to the same multi-bus system. 

As an additional micro-computer is used, parameter identification is separated from the origi-

nal single board SPSS. The data transmission between two micro-computers is undertaken through 



CRT I I I output 
DIA r -

input 

I 
control 

DAS 
µP 

Fig.8.5 Hardware Configuration of the DSPSS 

identification 
µP 

191 

da 
ad 
co 
int 

ta 

dress 
ntrol 
errupt 



192 

the multi-bus system. Both of these micro-computers are masters but have different priority on the 

use of the multi-bus. The control output calculation board with the additional function of perform-

ing the man-machine communication has the higher priority. 

As the algorithm of the SPSS is divided in to two tasks and these two tasks are performed 

separately by two single board micro-computers, synchronization of the two micro-computers 

becomes important. The multi-bus interrupt control lines are used to perform this function. 

The micro-computer used to carry out the control calculation and man-machine communica-

tion was the same as that used in the single board implemented SPSS. Its operation was, therefore, 

similar to that of the SPSS. Two things different are that every four periods of calculating the con-

trol output, this board generates an interrupt request signal to the identification board for an update 

of identified parameters and the on-board timer is set to a new value to generate 20 ms interval 

time interrupt signal. 

For the identification board, its operation is simply either to wait for the interrupt request sig-

nal or to perform the parameter identification task. 

The multi-bus structure provides the 8086 micro-computer systems a very flexible way to 

transfer signals and data between the microcomputers. By selecting appropriate jumpers, it is possi-

ble to map the on-board memory to some system memory space which can be accessed by other 

master computers on the multi-bus. In this way, each micro-computer can access memory area 

which is on other micro-computers by accessing the mapped system memory address. 

8.5.2. Software Development for DSPSS 

The same as the hardware development, software development of the DSPSS also involves 

the separation of the SPSS software in to two parts, i.e., parameter identification and control output 

calculation. The software flow chart of these two parts of the proposed DSPSS is given in Fig.8.6. 
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Procedure for the control output calculation is similar to that of the SPSS. The time interval 

interrupt signal is generated every 20 ms. After every four calculations of the control, the control 

board performs the following functions: 

(1) form the measurement vector q>(t) and the new measurement y(t) and write them to the 

identification board through the multi-bus. 

(2) generate an interrupt request signal to the identification board through multi-bus. 

(3) read the identified parameters from the identification board through the multi-bus. 

For the identification board, as it does not access the memory on the control board, its opera-

tion is simply to wait for the interrupt request signal. Once this signal is generated by the control 

board, the identification board makes use of the measurement vector q>(t) and the new measure-

ment y(t) which has been written by the control output calculation board to identify the parame-

ters and store the new parameters to the on board memory area. After finishing this, the 

identification board will stop its calculation and wait until the next interrupt request. 

8.6. On-line Tests 

The DSPSS proposed in Section 8.5 was tested on-line and the results are presented in this 

section. On-line testing is an important step in the design of a new controller before practical use, 

because the mathematical model used to simulate the practical system is based on some assump-

tions. It is quite reasonable to think that the mathematical model is only the approximate represen-

tation of the real system. Especially for the self-tuning control, it is almost impossible to simulate 

the system noise. It is for these reasons that the on-line laboratory tests must be undertaken for the 

proposed DSPSS. This section presents the practical implementation of the DSPSS and the on-line 

test results. Some parameter tuning techniques are also presented in this chapter. 
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8.6.1. Experimental Set Up 

On-line testing of the proposed DSPSS was undertaken in the laboratory. A 3 kV A synchro-

nous micro-machine is driven by a de motor. The generator is connected to an infinite bus through 

a three-phase transmission line network. Two parallel sets of five n LC networks are used to 

simulate 250 km of a 500 kV double circuit transmission line. 

A time constant regulator (TCR) was used to change the effective field time constant of the 

synchronous generator in order to simulate a large generating unit By using the TCR, the effective 

generator field time constant can be changed up to 10 s. The input of the TCR was limited between 

0 and 4.7 volts de. Details of the TCR are given in [170]. 

A simplified A VR and exciter with the transfer function 

100 
Gis) = 1 + 0.0 (8.6.1 ) 

was used to simulate a high gain, short time constant A VR and exciter. Three phase ac terminal 

voltage was stepped down using a delta/star transformer, rectified and filtered using an eighth-order 

butterworth filter with a cut-off frequency of 8 Hz to form a de signal proportional to the terminal 

voltage. This de voltage was then compared with the terminal reference voltage to generate an 

input signal to the A VR. 

The stabilizing signal used for the DSPSS was the variation of the active power. A hall-

effect watt transducer was used to generate the active power output signal. This signal was passed 

through a wash out circuit to filter the de content. The wash-out circuit had the transfer function 

5s · 1.65s 
Gw(s) = ( 1 + 5s ) · ( 1 + 1.65s ) (8.6.2) 
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In order to eliminate the effect of the noise from the system on the DSPSS, an eighth-order 

Butterworth low-pass filter with a cut-off frequency of 8 Hz was used to filter out the relatively 

high frequency noise. The control output of the DSPSS was injected to the exciter as a control sig-

nal. 

The overall test system is shown in Fig.8.7. 

8.6.2. Test Results 

The DSPSS was tested on-line. Figure 8.8 records the operation schedule of the DSPSS on 

the time axis. 

The following tests were conducted on the above mentioned system: 

(1) a 0.08 p.u. step change in the input power. The response is given in Fig.8.9. The system was 

operating at an active power output (P) of 0.8 p.u. and a power factor (p.f.) of 0.8 lagging. 

(2) a 0.03 p.u. step change in the terminal reference voltage. The result are given in Fig.8.10. 

The operating conditions are P=0.8 p.u. and p.f.=0.8 lagging. 

(3) a 0.28 p.u. step increase in the input power. The system response is given in Fig.8.11. The 

operating conditions are P=0.86 p.u. and p.f.=0.9 lagging. 

(4) a 0.28 p.u. step decrease in the input power. The results are given in Fig.8.12. The operating 

conditions are P=l.14 p.u. and p.f.=0.8 leading. 

(5) a three phase to ground short circuit with a successful reclosure. The result are shown in 

Fig.8.13. The operating conditions are P=0.547 p.u. and p.f.=0.75 leading. 

(6) dynamic stability improvement test. In this test, input power of the generating unit with the 

DSPSS controller was gradually increased to some high value. Then the DSPSS was turned 

off. The system response is shown in Fig.8.14. The operating conditions at the time the sta-

bilizer was switched off were P=l.013 p.u. and p.f=0.65 leading. 
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Fig.8.8 Operation Schedule of the DSPSS on the Time Axis 
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(7) system dynamic unstable situation was observed and is shown in Fig.8.15. In this test, the 

input power to the generator without using the DSPSS was increased slowly until the system 

became unstable. This figure records the maximum active power output just before the sys-

tem lost synchronism. The operating conditions just before the system lost stability were 

P=l.07 p.u. and p.f.=0.75 leading. The same test was repeated but with the DSPSS. The 

closed-loop system remained stable up to 1.33 p.u. active power output with the same power 

factor. Because of the limitation of the instrumentation system, power output could not be 

increased any further. 

For the tests (1) to (6), the system responses are recorded in three cases: 

(a) without DSPSS; 

(b) with DSPSS of Tc= 30 ms. and Ti= 120 ms.; 

(c) with DSPSS of Tc= 20 ms. and Ti= 80 ms. 

In each case, three variables are recorded. They are the active power output, the DSPSS con-

trol output and the variation of the active power output. 

Additional tests were performed to examine the system response when subjected to a periodi-

cal frequency sweep test signal. A sinusoidal test signal having a magnitude of 0. 005 V and a fre-

quency range of 0.2 to 8 Hz was applied to the input of the A YR. The system response is 

presented in Fig.8.16. Only two cases were examined in this case, without DSPSS and with DSPSS 

of Tc = 20 ms Tsun = 80 ms. The operating conditions in this test were P= 1.0 p.u. and p.f =0.85 

lagging. 

8.6.3. Discussion 

The real-time test results presented in Figs.8.9. through 8.16 show the effective contribution 

of the proposed DSPSS to improving the stability of a physical single machine infinite bus system. 

Figs.8.9 to 8.13 and 8.16 show that with the DSPSS the system dynamic response is greatly 
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improved. It is seen from these figures that under large disturbances, the first swing of the system 

response is not depressed very much. This is because of the physical limits on the control output. 

It can also be seen from the figures that the DSPSS is very effective in damping out the subsequent 

swings in the case of the large disturbances, and all the oscillations for small disturbances. 

Figs.8.14 and 8.15 clearly show the contribution of the DSPSS to the system dynamic stability. The 

closed-loop system is stable even at very high load and under-excitation conditions. If the DSPSS is 

removed, the system becomes unstable. All these on-line test results support the simulation results 

obtained in Chapter 4. 

The implementation results also show that the power system stability is improved using both 

sampling times i.e. 120/30 and 80/20 ms. It can be observed that only a small difference exists 

between the responses for the two cases. 

8.7. Tuning a Self-tuning Controller 

As has been mentioned in Chapter 3, self-tuning controllers also need to be tuned. The main 

tuning aspects observed during the implementation are presented in this section. It is the author's 

aim to give general guidelines on how to practically tune a self-tuning controller. It will be found 

that these procedures are important in order to obtain an effective practically usable self-tuning sta-

bilizer. 

8.7.1. Lower Limit on the Pole-shifting Factor 

In the simulation studies, the lower limit on the pole-shifting factor was set at zero. This is 

not always suitable in physical implementation for the following reasons: 

(1) The control limits in the implementation are too hard. The control output of the practical 

system was limited between 0 and 2 p.u., whereas, for the simulation system, the control out-

put was limited to ± 7 p.u. 
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(2) As the sampling rate is increased by 5 times, the identified system poles are closer to the unit 

circle. Shifting of these poles usually needs larger control energy. 

(3) The physical system is always disturbed by random noise or disturbances. For this reason, the 

steady state operating condition is actually non-existent 

For these reasons it is desirable to avoid too large a change in the pole-shifting factor and the 

control output. Introducing a lower limit greater than zero but less than one on the pole-shifting 

factor is usually very effective. Implementation results show that for single rate SPSS, this limit can 

be chosen between 0.3 and 0.0. For the Tc = 30 T; = 120 ms DSPSS, the limit can be chosen 

approximately 0.8, and for the Tc= 20 T; = 80 ms DSPSS, the limit can be chosen nearer to 0.9. 

8.7.2. Coloured Noise 

It has been mentioned in Chapters 2 and 3 that the coloured noise will affect the system 

parameter identification and further the performance of the controller. This problem is met in the 

implementation and real-time tests, as quite possibly the system noise is not a white noise. Also, 

almost all the signals to be measured have to pass through some electronic circuits to be amplified 

and/or filtered. The zero point drift also introduces additional errors. This can not be considered as 

white noise. For these reasons, the effect of the coloured noise has to be considered. If the coloured 

noise is not large, its effect does not cause serious problem. In these cases, satisfactory system 

response can be obtained as has been shown above. But there do exist some situations in which 

the coloured noise affects the control substantially. It has been noticed that in these conditions, the 

system parameters converge to some other value. 

One way to solve this problem is to use another identification method, such as, the extended 

least squares identification technique. 
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8.7.3. Use or Filters 

The main motivation for using the PSS is to damp the low frequency oscillations of the 

power system. The system noise frequency range may be much higher than what the controller can 

respond to. The use of a low pass filter has long been suggested to remove the noise or the tor-

sional oscillations as mentioned in Chapter 7. Implementation results show that this is an effective 

method and according to the practical system, the cut-off frequency has to be appropriately chosen. 

8.8. Summary 

A new kind of self-tuning control technique, dual rate self-tuning control, is proposed in this 

chapter. This controller has been implemented by using two single board micro-computers ( one 

SBC 86/30 and one SBC 86/14 ). The main advantage of this control over the single rate self-

tuning control is that the control sampling time can be reduced considerably. This increase in con-

trol rate is shown to give significant improvement in both theoretical and practical results. 

Design details of the dual rate self-tuning control are presented in this chapter. A power sys-

tem stabilizer making use of this control technique (DSPSS) is developed. The performance of the 

DSPSS is simulated on a single machine infinite bus power system. The simulation results show 

that this controller can further improve the system performance including the dynamic and the tran-

sient behaviour. 

The details of the implementation of the proposed DSPSS are also presented. On-line tests 

with the DSPSS on a laboratory physical model show very promising results. These test resul ts 

agree with the simulation results very well. 

Some practical parameter tuning techniques for the self-tuning controller are also discussed in 

this chapter. This discussion is of value for the practical use of a self-tuning controller. 
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Stability is an interesting problem common to everybody working in the area of power sys -

tems. Much effort has been devoted to design of powerful power system stabilizers (PSS) which 

can effectively increase the power system stability. As the conventional PSS is based on the deter-

ministic control theory, it uses fixed control parameters. This kind of PSS gives good closed-loop 

system response when the system is working at the operating condition to which the PSS is tuned, 

but it can not provide optimum response when the system operating conditions change. 

In this thesis, self-tuning control theory is used to design a PSS. Self-tuning control is one of 

the most effective and the simplest stochastic control strategies. As almost all industrial systems 

are stochastic systems, self-tuning control has been receiving increasing interest in many industrial 

applications in recent years. Application of the self-tuning control technique to power systems is, 

however, relatively new. 

This thesis begins with the analysis of the differences and the common points between the 

commonly used self-tuning control strategies, and the connection between the self-tuning control 

and the model reference adaptive control. Based on this analysis, a new self-tuning control stra-

tegy, variable pole-shifting self-tuning control strategy, is proposed [137]. This control strategy is a 

further development of the fixed pole-shifting factor self-tuning control strategy. 

The main advantages of the proposed strategy are 
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(1) It successfully solves the difficulty of choosing the appropriate pole-shifting factor in the origi-

nal PS control strategy. 

(2) In addition, as this control strategy aims to shift the closed-loop system poles as close as pos-

sible to the origin of the unit circle in the "z" domain and takes the physical control limits in 

to account, it guarantees that a smooth control action is generated and that the closed-loop 

system is very stable. 

Details of the proposed self-tuning control strategy such as, the tuning techniques, the self-

tuning property and the algorithm, are discussed in this thesis. All of these enrich this new control 

strategy theoretically and practically. 

As the PSS is mainly used to increase the power system stability, this provides a good reason 

to apply the proposed control strategy. A new self-tuning power system stabilizer (SPSS) is then 

developed. This SPSS makes use of the variable-forgetting factor RLS identification technique and 

the proposed control strategy. Use of these two techniques enables the SPSS to track the variation 

of the power system operating conditions and always provides maximum damping torque to the 

power system as well. Simulation studies with this SPSS applied to a single machine infinite bus 

system show satisfactory results. Analysis conducted on this power system model verifies the result 

of the theoretical analysis. 

In the practical power systems, ensuring cooperation between the individual PSSs installed on 

generating units located far apart has long been a difficult problem. The property of the proposed 

SPSS in a multi-machine power system is investigated and analyzed. Both of these results show 

that the proposed SPSS has the ability to cooperate with any other kind of PSS installed on the sys-

tem and it can respond favorably to interactions between various parts of the system. As the SPSS 

only makes use of the local measurement, it is easy to be implemented. And also the difficulty of 

transferring large amount of data between the subsystems of a large scale system is solved to some 

extent [151). 
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The petformance of the proposed SPSS in some special power system stability problems has 

also been investigated in this thesis. They are multi-modal oscillations problem and the sub-

synchronous resonance problem. As the SPSS makes use of the self-tuning control technique, it can 

automatically tune itself to the system dynamics. The proposed SPSS has proven its ability to damp 

out multi-mode oscillations even though a low order model is used to identify the system dynamics. 

Low order model is particularly important when the self-tuning controller is implemented. 

As the sub-synchronous resonance oscillation has a relatively high oscillation frequency ( 15 

to 50 Hz ), a modified SPSS is developed to cope with this kind of problem. This modified SPSS 

has two self-tuning control loops, one is used to damp the electromagnetic oscillation which has a 

lower oscillation frequency and another is used to damp the torsional oscillation which has a higher 

oscillation frequency. As the self-tuning controller can self-tune itself to the system dynamics, only 

one control loop is needed to damp different frequencies of SSR oscillations. Simulation results 

show that by the use of a low pass and a band pass filter, this modified SPSS will be minimally 

affected by the torsional oscillations and can provided positive damping to the sub-synchronous 

resonance oscillation. 

In order to solve the contradiction between the increase of the control rate, which is used to 

further improve the performance of the SPSS, and the speed limit of the micro-computer, which 

limits the increase of the sampling control rate, a dual rate self-tuning control strategy is developed. 

In this kind of control strategy, the identification and the control are performed separately with 

different calculation rates but based on data sampled at the same rate. In this way, the control rate 

can be considerablely increased. A power system stabilizer (DSPSS) based on this technique is 

proposed. Simulation study shows favorable results. 

The proposed DSPSS has been implemented and tested on-line in the laboratory on a physi-

cal single machine infinite bus model power system. Implementation of the proposed DSPSS 

makes use of one SBC 86/30 and one SBC 86/14 micro-computer with SBC 86/30 working as an 

identifier and SBC 86/14 working as a controller. The hardware and software are developed to real-
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ize the dual rate self-tuning controller. The on-line tests show promising results. These results ver-

ify the theoretical analysis and the simulation results, and show the feasibility of the practical use 

of the self-tuning power system stabilizer. 

All the above mentioned research shows that the self-tuning control is an effective control 

technique for use in power systems. It works satisfactorily over a very wide range of operating 

conditions. In addition it can also accommodate some other power system instability problems. 

9 .2. Future Research 

As has been mentioned above, the application of the self-tuning control in power systems is 

still quite new. The self-tuning control technique is developing rapidly. Much work is still required 

to be done in order to bring the self-tuning controller in to practical use. 

The following points are suggested for further research in the near future: 

(1) As mentioned in Chapter 8, the practical system is always corrupted by coloured noise. In 

this case the RLS identification technique results in biased parameter estimation. This biased 

parameter identification some-times affects the closed-loop system response considerably. The 

REL identification technique mentioned in Appendix I provides a way to solve this problem. 

Both simulation and implementation studies are necessary to investigate the effectiveness of 

the REL identification technique on the coloured noise problem. 

(2) Although the proposed SPSS and DSPSS have been implemented in the laboratory environ-

ment and used to control a micro-synchronous machine, it should be noticed that this imple-

mentation is still far from an instrument which is friendly and ready for use in the field. 

Many details including both hardware and software need to be looked into. 

(3) The design of a multi-input multi-output self-tuning controller is another interesting topic. It 

can be used to design a self-tuning controller which can control both the excitation and the 

governor of the generating unit. Theoretically, better results are expected. 
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APPENDIX I 

RECURSIVE IDENTIFICATION ALGORITHMS 

1.1 Recursive Least Squares ( RLS ) Identification 

The RLS identification technique is mainly used to treat the LR model, Eqn.2.2.1. This algo-

rithm always gives the optimal unbiased parameter estimation for an LR model. For this reason, 

the model of Eqn.2.2.1 is sometimes referred to as the "least squares model" [122]. 

By defining the parameter vector 

(I.l) 

and the input-output vector 

ql(t) = [ -y(t-1), · · · ,-y(t-na), u(t-l-1), · · · ,u(t-l-nb) ] (I.2) 

Eqn.2.2.1 can be written as 

y(t) = fl(t) · <t>U) + e(t) (I.3) 

Defining 

.9c,10,<t>) = {lu) · <t>U) (l.4 ) 
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y(tl8,cf>) can be considered as the natural guess or natural prediction of y(t) based on 0(!) 

and cf>(t) . 

The prediction error is then given by 

e(t) = y(t) - y(tl8,cf>) = e(t) (l.5) 

The criterion of the least squares identification is to determine the "most likely" value of 

8(t) , which will minimize the sum of the squares of the prediction errors: 

1 t=N 
J(N) = N L, [e(t)]2 

1=1 
(l.6) 

The least squares identification algorithm can be described by the following recursive set of 

equations [112]: 

0(t) = 8(t-l) + K(t) · [y(t) - OT(t-1) · cf>(t)] 

K(t) = P(t-1) · cf>(t) 
[1 + cf>T(t) · P(t-1) · cf>(t)] 

P(t) = [1 - KT(t) · cf>(t)] · P(t-1) 

where 

K(t) can be considered as the gain matrix and 

P(t) is the error covariance matrix. 

(l.7) 

(l.8) 

(l.9) 

In order to analyze the asymptotic property of the RLS identification, 00 is used to denote 

the 'true value' of the model parameters by which the observed data are assumed to be generated. 
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This value 80 is, of course, available only to the analyst and not to the user. 

Further investigation [112] shows that when N becomes large, 

,. 1 t;::N 1 t;::N 
0(N) = 80 + [ - L q>(t) · q>T(l)r1 · - L <l>(t) • e(t) 

N l=l N t=l 
(I.10) 

The above equation shows that: 

(1) If e(t) is very small compared to q>(I) , 9(N) will be close to 80 , when N is very large. 

N 
(2) I,<l>(t) · e(t) ( N • oo ) is zero only if e(t) and q>(t) are uncorrelated. This is true when 

t=O 

e(t) is a sequence of independent random variables with zero mean (white noise). In this 

case, e(t) does not depend on what has happened up to time t-1 and hence the expectation, 

E, is 

E { cj,(t),e(t)} = ~cp(t) · e(t) = 0. 

However, if the RLS identification is used for the general system model, ARMAX model, the 

"prediction error" is given by: 

c,. 
C 

E(t) = e(t) + I,ci · e(t-i) 
i=l 

(I.11) 

Obviously, it is no longer uncorrelated, unless c,=0 , for all i . Moreover, as E(t) contains 

past values of e(t) , it is correlated with y(t-1), ... ,y(t-na) . Hence a principle property of the 

least-squares method, that the estimates are unbiased, no longer holds. This is not important for 

high signal/noise ratios, but the bias of the estimates is substantial when the signal/ noise ratio is 
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low ( < 10/1 , say ) [85]. 

From the above analysis it can be concluded that, if the RLS identification technique is used 

to identify the ARMAX modeled system, biased parameter estimation will result. It has been 

proved, however, that for some implicit self-tuning algorithms, the self-tuning property is actually 

not affected by the biased estimated parameters of the RLS algorithm [109,131]. But there do exist 

some self-tuning controls which will be affected by bias. In these cases, other identification algo-

rithms must be used. 

1.2. Recursive Extended Least Squares (REL) identification [112] 

One way to overcome the difficulty with correlated residuals is to use the REL identification 

algorithm for the ARMAX model given by Eqn. 2.2.7. 

The REL identification algorithm gives the same recursive equations as that of the RLS 

identification algorithm but with the following definitions: 

"T 0 (t) = [ ai, · · · (I.12) 

q>'(t) = [ -y(t-1), · · · ,-y(t-na), · · · ,u(t-/-1), · · · , 

u(t-l-nb), · · · ,E(t-1), · · · ,E(t-nc)] (1.13) 

and 

E(t+l) = y(t+l) - 0T(t+l) · q>(t) (I.14) 
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Obviously, the REL identification is a straight-forward extension of the RLS identification. 

This extension overcomes the problem of the correlated residuals and gives unbiased parameter 

estimates. But this also makes the REL not as robust as the RLS in practice. One of its theoretical 

shortcomings is that convergence can not be proved for all C(z-1) polynomials though this has not 

been found to be a serious problem in most applications. A method which has been shown to con-

verge for all useful C(z-1) is the recursive maximum likelihood (RML) method. 

1.3. The RML Method [123] 

RML is another way to deal with the problem of correlated residuals. The . mathematical 

model which the RML deals with is also the ARMAX model, Eqn.2.2.7. The maximum likelihood 

(ML) estimation is based on the likelihood function L defined as a joint probability density func-

tion. The aim is to determine the parameters so that the likelihood function attains its maximum. 

As the solution of the ML method always involves the finding of the maximum of a multi-variable 

function, it can be got only by iteration. This makes it difficult to be completely realized for real-

time use. Different approximations have been proposed. The following method is one of these 

approaches. In this approach, ML method corresponds to minimizing the function 

l=N 
L[eU)J2 
t=l 

where 

e(t) is as defined in Eqn.2.2.7 . 

The solution of the RML method results in the same recursive equations as that of the RLS 

and the REL methods, Eqn.I.7 to Eqn.1.9, with the same definition of parameter vector, Eqn.I.12, 

but with ql(t) defined as: 



1 cpT(t) = [ --.. - 1 · y(t-1), 
C(z-) 

1 1 
,--.. - 1- · y(t-na),-.. - 1- • u(t-l-1), 

C(z-) C(z-) 

1 
,-.. - 1- • E(t-nc)] 
C(z-) 

The prediction error E(t) is computed from 
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(1.15) 

(1.16) 

To obtain the exact prediction error, E(t) , Eqn.l.16 has to be solved from t=O for every 

new measurement. This will require too much computation. Some suitable approximation has to be 

made . One way is to take 

E(t) = y(t) - [ -y(t-1), ... ,-y(t-na),u(t-l-l), · · · 

,u(t-l-nb),e(t-1), · · · ,e(t-nc) ] · 8(t-1) (1.17) 

This equation is iterated only once for every measurement. Obviously, it will save much 

computation. 

It can be seen that the evaluation of the RML is very similar to that of the REL, with the 

only difference of the filter 

being used in Eqn.1.15. 

1 
C(z-1) 



239 

As the filtered data are used in the ci>(t) vector, this makes the maximum likelihood estimate 

have very nice asymptotic properties. The estimated parameter accuracy has also been provided. 

1.4. Other Identification Techniques 

Other recursive identification methods such as the Bayesian estimation [124], the square root 

filtering [125], can also be used if necessary. Instead of parameter "estimation", the Bayesian esti-

mation calculates the 'a posteriori' probability distribution for the sought parameters. An estimated 

0(t) can be determined from the posterior distribution. The square root filtering belongs to the 

same family as RLS but the computation concept differs essentially. This numerical method is very 

successful in maintaining the positive semiconduction nature of the error covariance and can pro-

vide twice the effective precision of the conventional filter implementation in ill-conditioned prob-

lems. 
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APPENDIX II 

CONTROLSTRATEGIBS 

11.1. The MV control [60,61] 

The MV control can be used to treat the system represented by the LR or the ARMAX 

model. As LR model is a special case of ARMAX model, only the ARMAX model Eqn.2.2.7 is 

discussed here. 

For an ARMAX modeled system, the aim of the MV control is to find a control output u(t) 

which minimizes the performance index J given as: 

J = E [ y(t+l) - y,(t+l) ]2 (II. l) 

where 

Yr is a reference output signal. 

Two main steps are used to solve this problem: 

(1) estimate the output y(t+l) based on the measurements up to time t . 

(2) minimize performance index J of Eqn.II.1 with respect to u(t) . It results in the optimal 

solution of u(t) . 

Step (1) is performed by the following procedure: 

(1) based on the known parameters A(z- 1) and C(z-1) , factor the polinomial C(z-1) as: 

(Il.2) 
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(2) by using Eqn.II.2, re-organize system modeling equation Eqn.2.2.7 as: 

B(z-1) • F(z-1) G( - 1) y(t+l) = F(z-1) · e(k+l) + _________ ......,_...._ · u(t) + - 2- · y(t) 
C(z-1) C(z-1) 

(II.3 ) 

(3) use the least squares identification method to calculate the optimal estimate of the output 

y(t+l) as: 

(II.4) 

then Eqn.2.2.7 becomes: 

y(t+l) = y(t+l) + "/(t+l) (II.5) 

where 

"/(t+l) = F (z- 1) · e(t+l) (II.6) 

"/(t) is not a white noise sequence, but it can be proved that y(t) is independent of y(t+l) . 

Calculation of step (2) is described below: 

(1) Substitute Eqn.II.5 in the performance index giving 

J = E [ y(t+l) + y(t+l) - y,.(t+l) ]2 

= [ y(t+l) - y,.(t+l) J2 + E f(t+l) (II.7) 



(2) Minimize J with respect to u(t) by 

resulting in 

_E:!_=0 
ou(t) 

j(t+l) = y,.(t+l) 

Substituting Eqn.Il.4 in Eqn.11.8, the optimal control is: 

11.2. The GMV Control 

242 

(II.8) 

(Il.9) 

The performance objective of the MV control is to minimize the variance between the pro-

cess output y(t+l) and the reference y,.(t+l) at sampling instants t . An extension of this idea is 

the GMV control suggested by Clarke and Gawthrop [127]. The GMV control aims to satisfy a 

wide variety of performance objectives. It provides tracking as well as regulatory control, and can 

be viewed as minimizing a combination of control and output variances. The same as the MV con-

trol, the GMV control can also be applied to the system represented by either the LR or the 

ARMAX model. For the same reason, the ARMAX model is considered here. 

In the GMV control, the performance index is chosen as a one-step criterion: 

J = E{ [ P(z-1) · y(t+[) - R(z-1) · y,{t+I) J2 + [ Q'(z-1) · u(t) ]2} (II.10) 
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where: 

P(z-1) , R(z-1) and Q'(z-1) are polynomials of z-1 . They are at most of degree /-1 . 

Similar to the MV control, the solution is divided in to two steps: 

(1) estimate the output y(t+l) based on the measurements at time t . 

(2) minimize performance defined by Eqn.II.10 with respect to the u(t) resulting in the optimal 

solution u0 (t) . 

The procedure for step (1) is the same as for MV control. In order to easily compare this 

with the MV control, C(z-1) is factorized as follows: 

(II.11) 

The estimated value of the output is: 

S( - 1) B( - 1) H( - 1) 
Y"(t+/) = _z_ . y(t)+ z . z . u(t) 

C(z-1) C(z-1) 
(II.12) 

and the system model becomes: 

y(t+l) = y( t+l)+y(_t+l) (Il.13) 

where 

"((t+l) = H(z-1) · e(t+l) 

Substitute Eqn.II.13 in the performance index. Minimizing the performance index with 

respect to u(t) by putting: 



I 

I 
1 • 

results in 

where: 

_1!_=0 
iJu(t) 

E [ P(z-1) • [y(t+l) + 'Y(t+l) ] - R(z-1) • y,.(t+l) J2 + [ Q(z-1) • u(t) J2 
au(t) 
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(II.14) 

(II.15) 

and: q'0 and d0 are the coefficients of z0 on the Q'(z-1) and the B(z-1)-H(z-1) polynomials. 

By defining: 

(II.16) 

(II.17) 

(II.18) 

Eqn.II.15 becomes: 
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(Il.19) 

By selecting y,.=0 , both the MV and the GMV control strategies can be used for a regulator 

problem. 

11.3. The PZA Control 

The motivation for using the PZA self-tuning control comes from the observation that a con-

trol engineer can easily relate pole/zero locations to the closed-loop transient performance. Forcing 

the closed-loop poles and zeros to the pre-selected positions is the main aim of this control stra-

tegy. The following PZA method is suggested by Astrom and Wittenmark [138] to solve the servo 

problem. The primary assumption is that all the system parameters have been estimated exactly. 

Therefore, the following model is considered: 

A(z-1) · y(t) = z-1 • B(z-1) · u(t) (11.20) 

It is desired to find a controller such that the closed loop transfer function from the command 

input uc(t) to the output y(t) is given by: 

(II.21 ) 

The regulator is supposed to have the transfer function 

(II.22) 
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Then the following equation can be obtained: 

z-1 . Bm(z-1) 
=----

Am(z-1) (Il.23) 

As it is not desired to cancel the unstable open loop zeros, B(z-1) is factored as 

(II.24) 

and 

(II.25) 

where B-(z-1) represents all the unstable open-loop zeros and B+(z-1) represents all the 

stable open-loop zeros. 

From Eqn.II.25, it can be seen that Bm(z- 1) can not be chosen arbitrarily. As the degree of 

Am(z-1
) is usually less than that of the denominator of left hand side of Eqn.II.23, an observer 

polynomial, Ao(z-1) , with all its zeros in the stable region is chosen. 

The main procedure of this strategy can be briefly summerized as follows: 

(1) Solve the equation 

(Il.26) 
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(2) then calculate: 

(Il.27) 

and 

(Il.28) 

The output is given by Eqn.II.22. 

11.4. The PA Control 

Different from the PZA method, the PA technique deals only with the closed-loop poles. This 

greatly simplifies the PZA algorithm. This algorithm was proposed by Wellstead, Prager and 

Zanker to solve the regulator problem [139] . 

The PA method seeks to pre-specify the closed loop system pole set, while leaving the 

closed-loop zeros to be configured in a way determined by the design algorithm. 

In the PA control, a general linear regulator of the form: 

(Il.29) 

is considered, where 

(Il.30) 
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(II.31) 

It is also assumed that the system model parameters are known. The system model is given 

by Eqn.II.20. Combining Eqn.II.20 and Eqn.II.29, the closed-loop transfer function from the noise 

input to the output represented in Fig.II.1 is: 

111. _ z-1 • F(z-1) · B(z-I) 
w(t) - A(z-1) • F(z-1) + z-1 · B(z-1) • G(z-1) 

(II.32) 

Its poles are detennined by the characteristic equation: 

(II.33) 

According to the desired closed-loop transient properties, select a desired closed-loop system 

characteristic equation: 

where a 1 , ••• , a 11 are desire closed loop poles. 
I 

-n 
+tilt. Z I (Il.34) 

Combining Eqn.II.33 and Eqn.II.34, and solving for the coefficients Ii , ( i=l , ... ,n1 ) and 

g1 , ( j=l, ... ,ng ) will result in the desired solution. 

11.5. The PS Control [102] 
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Like the PA method, the PS method also deals with the closed-loop system poles only. It 

shifts all the system poles radially towards the origin of the z-plane in the z domain by a factor 

a. This aims to seek for more closed-loop system stability margin. The same system model , 

Eqn.II.20, is used. 

In this method, the same type of linear regulator as in the PA control method is used, i.e. 

Eqn.II.29 with F(z-1) and G(z-1) being the polynomials of z-1 with the degree of 

(II.35) 

(II.36) 

as proven inChapter 3. 

Obviously, this will result in the same type of the closed-loop transfer function as in 

Eqn.II.32. By selecting· only one tuning parameter, shifting factor a , it is very easy to form a 

closed-loop transfer function as: 

(II.37 ) 

Combining Eqn.II.33 and Eqn.II.37 results in 

(II.38 ) 

Expanding both sides and comparing the coefficients gives (assume that l=O ) 
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1 ·O bi 0 0 /1 a1(Cl-l) 
a1 1 b1 

a1 . 1 . b1 0 !11b-l 

. a1 b,.b bi go = a,. (a"~l) 
(II.39) a 

a,.a 0 b . 
"b 0 

a . · b 
"a "b g,.a-1 0 

0 · a 0 ·O b"b "a 

Solving Eqn.II.39 for /; , ( i=l, ... ,n1) and gi , (j=l, ... ,n8 ) gives the control output in 

Eqn.II.29. 

w( I) z-1B(z-1) 
y 

+ 
I: 

A(z-1) 

(t) 

-
u(t) 

G(z-1) --
F(z-1) 

Fig.II. I A Pole-assignment Closed-loop System 
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APPENDIX Ill 

THE SELF-TUNING PROPERTY OF THE PS CONTROL 

The self-tuning property of the PS control can be specified as follows: 

If: 

(1) the unknown system is modelled by 

.A(z-1) · y(t) = B(z-1) · u(t) + v(t) (III.l ) 

where .A(z_1) and B(z) have the order of n0 and nb + l respectively. 

(2) u is given by 

(IIl.2) 

where the F(z-1) and G(z-1) are the solution of 

(III.3 ) 

(3) the following conditions are met: 

(b) the ( n0 + nb + I ) x ( n0 + nb + I - I ) matrix 
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1 !1 f"f 0 

f", 
0 1 !1 f"t 

Q= go g"g 0 

go g"g 

g"g 
0 go g"g 

has rank na + nb + l - 1 . 

(c) the model parameters converge, 

then the control converges to that obtained by solving the off-line design identity 

(III.4) 

and the residual v(t) equals the system driving noise e(t) . Furthermore, the system output is 

F( - 1) y(Q = _z_ . e(Q 
T(z-1) 

(III.5) 

Proof: 

The key step of the proof given in [138] is to prove that the residual v(t) will converge to 

the system driving noise e(t) . As the proof given in [138] is too tedious, a simple proof is given 

below: 

Substituting Eqn.III.2 in Eqn.III.1 gives 

[
A(z-1) - B(z-1) . G(z-1) ] . y(t) = v(t) 

F(z-1) 
(III.6) 
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The real system transfer function is: 

(III.7) 

Substituting the control output u(t) given by Eqn.III.2 in Eqn.III.7 gives 

(III.8 ) 

As y(t) for Eqn.III.6 and III.8 is identical, it follows: 

(III.9) 

Substituting Eqn.III.3 in Eqn.III.9 gives 

T(z-1) · C(z-1) · e(t) (III.10) 

Multiplying both sides of the off-line design Eqn.III.4 by e(t) results: 
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(III.11 ) 

Comparing Eqn.III.10 and III.11 gives 

(III.1 2) 

As it has been proven in Ref.[138] that v(t) is a white process, this follows that the residual 

v(t) converges to the driving noise e(t) . 
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APPENDIX IV 

THE CONVENTIONAL PSS AND ITS TUNING 

The general idea and the development of the conventional PSS, and the reasons for introduc-

ing the self-tuning control theory in the design of an SPSS have been discussed in chapter 1. 

Before introducing the proposed SPSS, it is necessary to further review the basic theory and the 

tuning techniques for the conventional PSS. This will be useful in the understanding of the pro-
posed SPSS. 

Although the conventional PSSs have been well developed and used successfully over the 

past 10 to 20 years, almost all conventional PSSs in practical use are based on the same theoretical 

principle as were established in the key paper of deMello and Concordia [50]. In this paper, a 

detailed linearized mathematical model of a generator connected to an infinite bus through a reac-

tance was derived. A block diagram of this mathematical model, suitable for small perturbations, is 

presented in Fig.IV .1 and the various parameters are given in Appendix V. All the K and T 

parameters in Fig.IV. I are functions of the system parameters, such as machine parameters, regula-

tor parameters, transmission line parameters, and power system operating conditions. Detailed 

analysis of the relations between these parameters and the system parameters was undertaken by 

El-Sherbiny and Mehta [10 ]. This analysis gives some idea of how to tune the conventional PSS. 

In order to better understand the basic principle of the conventional PSS, Larsen and Swann 

[52] suggested the use of a simplified block diagram as in Fig.IV.2. The term "damping" comes ori-

ginally from the linear, time-invariant second order system. For this reason, a time-invariant 

second order system is shown in Fig.IV.3 for comparison. This will help in understanding how the 

PSS contributes in increasing the damping ratio in the synchronous machine. 
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It is well known that the dynamic behaviof of the second order system shown in Fig.IV.3 is 

determined by both feed-back loops, K and F . The feed-back loop K mainly determines the 

frequency of oscillation. The other feed-back loop F mainly determines the oscillation behavior. 

For this reason, constant in loop F is called the damping factor. Large value of will result 

in a very stable system. Small value of will result in a highly oscillating transient response and 

even an unstable system if is negative. 

As the synchronous machine shown in Fig.IV.2, is so similar to a second order system, the 

main ideas of the second order system are then used to analyze the dynamic characteristics of the 

synchronous machine. However, as the synchronous machine is actually a high order non-linear 

time-variant system, its dynamic characteristics are much more complicated than that of a second 

order system. 

The main part of the simplified synchronous machine block diagram is composed of a second 

order system, (Msf1 cascaded with rol,S-1• The feed-back network named "all other contributions" 

represents the effect corresponding to the contribution from angle deviation to the electrical torque 

input Tuy of all the inter-connections. This torque is generated by the electro-mechanical process 

when machine is connected to the power system and balances the mechanical torque input T,,. . 

The electrical torque generated in this loop is usually referred to as the synchronizing torque. It 

helps in keeping the machine operating at synchronous speed and mainly determines the oscillation 

frequency during the transient period. 

The other feed-back loop, GEP(s) , represents all the inter-connections corresponding to the 

contribution between the speed deviation 6 and the electrical torque T~d . In relation to the 

second order system, this feed-back loop works the same way as loop F in Fig.IV .3. The 

corresponding torque is called damping torque. Its contribution is to damp out the oscillations of 

the generator rotor when the system is subjected to disturbances. It is important to note that 

GEP(s) is a complicated function and it is this function that makes the dynamic characteristics 

very complicated. From the above analysis it can be concluded that both synchronous and damping 
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torques are necessary in order to keep the machine operating normally. 

Introduction of PSS to the synchronous machine comes from the following considerations. It 

can be seen from the detailed machine block diagram, Fig.IV.I, that the main contribution of the 

damping factor comes from the automatic voltage regulator (A VR). The input signal of the A VR , 

terminal voltage v, , is affected by all system parameters. It naturally follows that the damping of 

the whole system is mainly affected by the parameters of the AYR and that of the system. 

Detailed analysis gives the following representation of damping torque generated by the A VR 

input [50] 

~T K2 . KE ---------------------~e, 1 TE , -2 , 
,.e/ - + Ke · K6 + S · ( - + T do ) - :,- · T do · TE 

K3 K3 
(IV.1 ) 

It has also been proved that when the power system is operating in low to medium load and 

low to medium external line impedance conditions, the damping torque reaches its minimum and 

even becomes negative, especially when the high gain short time-constant AVR is used. The high 

performance A VRs are now commonly used for their contribution to the system transient stability. 

In this case, the damping ratio is generally not enough. Increasing the damping factor of the whole 

system then becomes an important problem and the PSS is used to solve this problem. 

The PSS is designed to provide positive damping by the use of a supplementary stabilizing 

signal. Theoretically, the most effective way of increasing system stability is to directly supply 

through some mechanical system a damping torque which is in phase with the speed deviation. As 

the mechanical system usually has a very large time constant, in practice this makes the mechanical 

PSS very difficult to implement. On the other hand, the A VR offers a fast and effective way, 

because the electrical system always has very small time constant. 

It can be seen from Fig.IV.I that appropriate input to the A VR can produce damping torque. 

Due to the presence of GEP(s) , the phase angle of the input signal must be shifted to generate 
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stable output. This means that the speed deviation can not be used directly as an input to the A VR 

as a stabilizing signal. In order to compensate for the phase shift caused by GEP(s) , a phase com-

pensation network is necessary. This compensation network is called the PSS. As GEP(s) is a 

complicated function and changes with the system parameters as well as the operating conditions, it 

is difficult to design a constant parameter PSS which can compensate for the phase shift over the 

entire frequency range under all operating conditions. The commonly used conventional PSSs are 

therefore designed to compensate for the phase shift over a range of the operating conditions in 

which the damping factor is needed the most 

The frequency range of interest of the PSS is usually from 0.2 to 2.5 Hz [52]. This is 

because the dynamic oscillations in the power system usually occur in this frequency range. The 

tuning procedure of the conventional PSS can be briefly specified as follows. 

(1) Linearize the non-linear synchronous machine mathematical model around the operating con-

dition at which the damping torque is needed the most and get the transfer function GEP(s) . 

(2) For a desired closed loop system damping ratio, ~0 , plot the magnitude and phase angle 

curves required to cancel the lagging phase angle of the GEP(s) network in the frequency 

range of interest 

(3) Design a suitable compensation network (transfer function) and tune its parameters to best fi t 

the magnitude and phase angle curve plotted for the required compensation. 

This type of PSS can be well tuned to some particular operating condition and gives very 

good closed-loop system properties for that operating condition. But when the operating conditions 

change, it is difficult for the constant parameter PSS to give optimum closed-loop system perfor-

mance. It can also be seen that the tuning technique is complicated and on-line tuning of the 

parameters of such PSS is difficult. 

The self-tuning control offers an alternative which can overcome these difficulties. 
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Fig.IV.3 A Second-Order System 
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APPENDIX V 

PARAMETERS OF DETAILED SINGLE MACHINE INFINITE 

d axis. 

BUS SYSTEM MODEL [50] 

K1 : change in electrical torque for a change in rotor angle with constant flux linkages in the 

(V.1 ) 

K2 : change in electrical torque for a change in d axis flux linkages with constant rotor angle 

(V.2) 

K3 : impedance factor. ( for the case where the external impedance is a pure reactance Xe ) 

xd + Xe 
K3=---

xd+ Xe 

K4 : demagnetizing effect of a change in rotor angle. 

(V.3) 

(V.4) 



K5 : change in terminal voltage with change in rotor angle for constant Eq' . 

Xq edo 
Ks = ------ · - · E0 • cos 60 -

Xe + Xq e,o 

K6 : change in terminal voltage with change in Eq' for constant rotor angle. 

Xe 
K6=---

Xe + xd 
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(V.5) 

(V.6) 

The steady-state operating values are functions of the steady-state terminal voltage e,0 , and 

steady-state real and reactive load currents JP0 and Iqo • These values are: 

Xe · Xq · (Jpo 2 + Iq/) 

Eqo · E0 



[Jpo2 
· Xp + Iqo · (e,o + Iqo · Xq)] 

ido = ------------
Eqo 

where: 

id, iq armature current, direct and quadrature axis components 

ed, eq armature voltage, direct and quadrature axis components 

e, terminal voltage 

Xe equivalent system reactance 

re equivalent system resistance 

o angle between quadrature axis and infinite bus 

E0 infinite bus voltage. 

Subscript o means steady-state value. 
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APPENDIX VI 

PARAMETERS OF THE SINGLE MACHINE 

INFINITE BUS SYSTEM 

Generator Parameters In p.u. 

r0 =0.00700 X,nd=l.126 Xmq =0.626 

ru1 =0.02300 Xu1 =1.150 Xd =1.240 

'k4 =0.02300 xk4 =0.652 Xq =0.743 

't =0.00089 Xf =1.330 H =3.640 

Transmission Line Parameters In p.u. 

short line 

long line 

r, =0.024 

r, =0.035 

A VR and Exciter 

x, =0.115 

x, =0.5 

T1,. =0.01 s. 

The output of the exciter is limited to ±7 p.u. 

Gonernor 
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T8 =0.25 s. a =-0.001236 b = -0.17 

Limits or the SPSS 

The output of the SPSS is limited to ±6 p.u. 
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APPENDIX VII 

PARAMETERS OF THE MULTI-MACHINE SYSTEM 

Parameters Of The Generators In p.u. 

parameters #1 gen. #2 gen. #3 gen. 

ra 0.0100000 0.0150000 0.00750000 

r1 0.0050000 0. 007 5000 0.00375000 

ru 0.0200000 0.0300000 0.00150000 

r1c.q 0.0200000 0.0300000 0.00150000 

lmd 0.0014907 0.0022414 0.00111940 

lmq 0.0008435 0.0012653 0.00063500 

11 0.0003448 0.0005146 0.00025730 

la 0.0003183 0.0004801 0.00023870 

lu 0.0003528 0.0005225 0.00026260 

l1c.q 0.0003979 0.0006021 0.00029700 

H 3.0000000 2.8000000 3.50000000 

Transmission Line Parameters In p.u. 

Node No. Impedance (Z) p.u Admittance (Y/2) p.u. 

1--2 0.060+0.30j 0.27j 

1--5 0.005+0.03j 0.OOj 

2--4 0.010+0.05j 0.OOj 

2--6 0.020+0.20j 0.18j 



3--4 

3--6 

4--5 

0.010+0.06j 

0.020+0.20j 

0.005+0.03j 

0.OOj 

0.18j 

0.OOj 

Parameters or A VRs, Exciters Amd Conventional Stabilizers 

parameters #1 gen. #2 gen. #3 gen. 

KA 200. 200. 200. 

Kl5 3.00 3.00 3.00 

TA 0.01 0.01 0.01 

TQ 1.50 1.50 1.50 

T1 0.30 0.30 0.30 

T2 0.06 0.06 0.06 

The output of all exciters is limited to ±7 p.u. 

The Parameters or The Gonernors 

parameters # 1 gen. #2 gen. #3 gen. 

T1 0.2500000 0.2500000 0.2500000 

a -0.001326 -0.001326 -0.001326 

b -0.170000 -0.170000 -0.170000 

Loads (impedance p.u.) 

L1 =1.0+0.6j L2 =0.6+0.4j L3 =0.8+0.6j 

Output Limits For SPSS 
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The out put of all SPSSs is limited to ±6 p.u. 

operating conditions 

generator # 1 Vr1 = 1.03 p.u. ~ 1 = 2.4 deg. 

generator #2 V72 = 1.02 p.u. ~ 2 = 2.9 deg. 

generator #3 Vr3 = 1.03 p.u. C?3 = 9.0 deg. 

generator #4 V74 = 1.00 p.u. ~ 4 = 0.0 deg. 

leading power factor test: Vr
2 

= 1.0 p.u. 
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APPENDIX VIII 

PARAMETERS OF THE MULTI-MACHINE SYSTEM 

WITHOUT INFINITE BUS 

Parameters or The Generators In p.u. 

parameters #1 gen. #2 gen. #3 gen. 

Xd 1.0260 0.1026 0.1026 

Xq 0.6580 0.0658 0.0658 

Xd 0.3390 0.0339 0.0339 
,, 

Xd 0.2690 0.0269 0.0269 

xq 0.3350 0.0335 0.0335 

Td 0.3670 0.3670 0.3670 
0 

t' do 0.0314 0.0314 0.0314 

t' qo 0.0623 0.0623 0.0623 

H 2.8000 28.000 28.000 

Transmission Line Parameters In p.u. 

Node No. Impedance p.u Fult Condition p.u. 

1--3 0.015+0.lOj 0.0150+0.lOj 

3--4 0.075+0.50j 0.1125+0.75j 

2--4 0.060+0.40j 0.0600+0.40j 

4--5 0.225+ 1.50j 0.2250+ 1.50j 

5--6 0.025+0.1 Sj 0.0250+0.15j 



Parameters Or A VRs and Exciters 

#1 gen. 

200. 

0.01 

#2 gen. #3 gen. 

200. 200. 

0.01 0.01 

The out put of all exciter is limited to · ±7 p.u. 

Parameters or The Gonernors 

parameters #1 gen. #2 gen. #3 gen. 

Tg 0.2500000 0.250000 0.250000 

a -0.001328 -0.00015 -0.00015 

b -0.170000 -0.01700 -0.01700 

Loads (admittances p.u.) 

L1 =8.6-6.88j L2 =9.8-7 .8j 

Output Limits For SPSS 

The output of all SPSSs is limited to ±6 p.u. 

Operating Condition 

Generator P(p.u.) Q(p.u.) V(p.u.) delta( 0 ) 

#1 gen. 0.756 1.093 1.30 50 

#2 gen. 7.554 9.010 1.25 60 

#3 gen. 9.277 9.657 1.10 00 
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APPENDIX IX 

PARAMETERS OF THE SSR POWER SYSTEM 

Parameters of the synchronous generator, A VR and exciter are the same as given in Appen-

dix VI. Exciter voltage is limited to ± 6 p.u. All the data given below are in per unit based on 

500 kV and 900 MV A except the time constants which are in seconds. 

Parameters of the Mass-spring System ( p.u.) 

M1 = 0.185796 D1 = 0.1 

K12 = 19.303 
M2 = 0.311178 D2 = 0.1 

K 23 = 34.929 

M 3 = 1.717340 D3 = 0.1 

K34 = 52.038 
M4 = 1.768430 D4 = 0.1 

K4s = 70.858 
Ms = 1.736990 Ds = 0.1 

Ks6 = 2.8220 
M6 = 0.068433 D6 = 0.1 

Parameters of the Turbine and Governing System 

KG= 25.0 T1 = 0.2 T2 = 0.00 

T3 = 0.30 TCH= 0.3 TRH= 7.00 

Teo= 0.20 FHP= 0.3 F1P= 0.26 

FI.PA= 0.22 FLPB = 0.22 FGV = ±0.1 
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Parameters of the Transmission Line 

Xr = 0.14 Rr= 0.01 XL= 0.56 RL= 0.02 

Xc variable from 0.056-0.448 ( 10%-80% of XL ) 

The output of the low frequency control loop is limited to ±5 p.u. 

The output of the high frequency control loop is limited to ±0.25 p.u. 

System Operating Condition 

active power output P = 0.55 p.u. 

power factor p.f.= 0.87 lagging 




