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ABSTRACT 

Design of an on-line development tool for the self-tuning power system stabilizer 

is described in this thesis in the form of a man-machine interface. The interface has 

two main features: 

(1) Important variables internal to the self-tuning power system stabilizer (SPSS) can 

be traced and plotted to examine the response of individual variable on 

occurrence of disturbances. 

(2) System parameters can be altered to investigate their effect on the performance of 

the SPSS. 

User friendliness and ease of operation are the major design criteria of the man-

machine interface (Mivil). Special precautions are included in the design to reduce the 

possibility of user-oriented errors. 

Additional modification to the stabilizer's control algorithm is also made in the 

thesis to improve its performance. 

A multiprocessor structure is constructed to incorporate the NM into the 

stabilizer's hardware system. The implementation necessitates careful coordination and 

synchronization in both hardware and software. On-line test results demonstrate the 

usefulness of the MMII as an on-line development tool. 
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CHAPTER 1 

INTRODUCTION 

Advances in integrated circuit technology and computer architecture have led 

to computer systems that are more reliable and less expensive, allowing them to 

find applications in new areas. From as complex as space shuttle flights to engine 

control of automobiles, real-time control systems play an ever increasing important 

role. With the combined power of digital computers and sophisticated control 

techniques, effective and efficient control of a physical plant becomes an ultimate 

goal of control system designers. 

1.1. Computer Control System And Power System 

In earlier applications in the power industry, digital computers performed off-

line duties such as load forecasting, system planning and fault analysis [1]. As 

reliable digital devices and microprocessors became available at low cost, real-time 

on-line computer control systems for generator units became feasible and realizable 

[2,3,4]. One of the criteria in designing a real-time control system is the response 

time, i.e. how fast the control system can react to a change in operating condition 

or to a disturbance. Very often a problem requires a specific solution which affects 
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the speed of response. The self-tuning adaptive control technique is one of the 

many applications for generator excitation control. The algorithm is 

computationally intensive and time-consuming. However, it is attractive in its 

ability to adjust its control output in accordance with system variation and to 

perform consistently over a wide range of operating conditions. 

Taking full advantage of the speed and flexibility of microcomputers, it is 

possible to apply the sophisticated and specialized self-tuning control strategy to 

generator excitation and voltage control. One such application is in power system 

stabilizer design and it leads to the development of self-tuning power system 

stabilizer (SPSS) [5-9]. The SPSS employs the self-tuning adaptive control 

technique to identify a mathematical model of the input-output relationship of a 

generator and to compute a control output based on the identified model. 

Since its introduction, many improvements and modifications have been made 

to the SPSS and they have been tested in a limited capacity. However, a thorough 

understanding of its behavior and in-depth investigation of its performance in on-

line situations are necessary at this stage of its development if it is to be considered 

as a reliable device in the field. It is the purpose of this thesis to devise a way to 

accomplish these goals effectively and efficiently and if possible, improve the 

SPSS' s performance. 
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1.2. The Role Of The Man-Machine Interface 

A Man-Machine Interface (MIMI) allows information to be exchanged between 

the human user (man) and the computer (machine). The information exchanged is 

usually essential to the proper operation of the control system. The importance of 

the MIMI can be seen from the fact that it is part of the specification in the 

Advance Air Traffic Control System proposed by the Federal Aviation 

Administration [10]. 

A well-designed MMII enhances the performance and the productivity of the 

user in many ways. When the presentation of information is done in a manner that 

can be easily understood, the user can interpret the information accurately and 

respond quickly. With error detection and recovery features, the MN'II can reduce 

or eliminate user-oriented mistakes. Two other important criteria in the design of a 

IviMi are user friendliness and ease of operation. These two criteria not only 

decrease the probability of errors being committed, but also change the task of the 

user from operation of the system to analysis and comprehension of the system. 

Furthermore, the design of a MMII must be flexible in the sense that it can be 

modified or upgraded easily. 

The early stage of the SPSS development involves the transformation of the 

self-tuning control theory into a computation algorithm. The algorithm is 

subsequently tested via simulations on a computer operating under an operating 

system such as UNIX. The operating system usually provides numerous 

development tools to assist the designer. For example, simulation results can be 
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stored into files for later reference and numerical data can be plotted for analysis. 

However, in the on-line development stage of the SPSS such tools are not available 

and the designer has to rely on intuition to judge the results. A MMII that acts as a 

development and analytic tool is thus required for on-line development of the 

SPSS. Through specially designed features, the MIMI enables a better insight into 

the performance and behavior of the SPSS. These features include the observation 

of important variables under all operating conditions and the modification of 

system parameters to suit the specific needs. 

1.3. Thesis Objectives 

The work reported in this thesis is concerned mainly with the design and 

implementation of a multiprocessor SPSS with the following objectives: 

(1) design and implement a new NM for the development and analysis of the 

SPSS; 

(2) implement a constant P matrix trace method for the calculation of variable 

forgetting factor. 

When the implementation is completed, on-line tests are to be performed to 

demonstrate the usefulness of the MN'll in the investigation of the SPSS's 

performance and behavior. 

1.4. Thesis Organization 

The layout of the thesis is summarized as follows: 
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The basic concepts of a real-time digital control system are introduced in 

Chapter 2. The major components and their functions are explained in detail. The 

theory of self-tuning adaptive control is outlined. Special attention is given to 

variable forgetting factor RLS identification technique and variable pole-shifting 

factor PS control strategy. A constant P matrix trace calculation method for 

variable forgetting factor is presented. 

Chapter 3 presents a review of the development of power system stabilizer 

(PSS). The review emphasizes the application of adaptive control techniques to the 

implementation of PSS. To effectively assist the system designer to improve and 

develop the SPSS, feature requirements of the MMI to be designed are given. 

The implementation of the multiprocessor SPSS is described in Chapter 4. 

The organization of the hardware system and the development of the software are 

highlighted. 

Chapter 5 describes the experimental setup and gives the on-line test results of 

the multiprocessor SPSS implementation. Effects of individual parameter are 

examined through the usage of the MMI. 

Chapter 6 concludes the thesis and proposes possible future work. 
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CHAPTER 2 

CONCEPTS OF REAL-TIME DIGITAL CONTROL SYSTEM 

2.1. Introduction 

Real-time digital control involves monitoring a plant's operation through 

measurement of important input and output variables and utilizing this information 

to control the plant's output [11]. The ability to identify the plant model on-line 

and compute the control for the desired operating characteristics allows real-time 

control systems to find applications in a variety of areas. Although the physical 

plant can be anything from a simply experiment to. a large complex machinery and 

the characteristics of individual plant differ from one another, the basic control 

structure remains the same. A typical real-time digital control system is shown in 

Fig.2. 1. It consists of four components, namely a physical plant, a 

computer/controller, a man-machine interface and a plant-computer interface. 

The computer/controller is the command center of the entire real-time control 

system and it uses the resources at its disposal to achieve the controlling task. The 

type of controllers considered in this thesis are one form of adaptive controllers 

known as self-tuning controllers (STCs). The general structure of this kind of 
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Fig.2.1 A real-time digital control system 
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controllers is shown in Fig.2.2. The general functions of the computer/controller 

and the specific duties of the STC are: 

(1) It handles the simultaneous occurrence of events through interrupt processing. 

(2) Through man-machine interface, it communicates with the operator and 

provides information concerning the operation of the plant. 

(3) It obtains plant operation information and provides control output via plant-

computer interface. 

(4) It interprets the information obtained from the plant-computer interface and 

identifies a mathematical model for the plant. 

(5) It calculates the control output according to a control algorithm and the 

identified plant model. 

The functions and the resources of the computer/controller are discussed in 

detail in the next few sections, 

2.2. Interrupt Processing 

The most frequently encountered situation in a real-time system is the ability 

to respond to certain events that require immediate attention while the computer is 

performing another task. Such a requirement is attained through interrupt 

processing. When the CPU receives an interrupt signal, it stops the task it is 

currently performing, stores all register and status values, and then calls an 

interrupt service routine to attend the interrupt. At completion of the servicing, the 

CPU restores all values and returns to the task from the point of interruption. 
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plant 

computer/controller 

identify 

control 

Fig-2.2 Structure of a self-tuning controller 
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Interrupts can be categorized into two classes, clock-based and event-based. 

With clock-based interrupts, a timer is setup to send an interrupt to the CPU at a 

pre-selected time interval. This type of interrupt is used in situations where an 

event occurs at regular intervals, for example sampling where timing is an 

important issue. The occurrence of event-based interrupts is not restricted in that it 

can happen at any time a certain event occurs. An example of event-based 

interrupts is the status of an auxiliary device indicating the state of its operation. 

Usually interrupts come from more than one source, and some are more 

important than others. A device called interrupt controller is used to handle 

interrupts. Each line of the interrupt controller is wired to a source. Examples of 

sources are a switch, a status line, a timer or even another interrupt controller. 

Each interrupt source is assigned a priority so that a more important event can 

preempt a less important task. These devices are programmable, known as 

programmable interrupt controllers (PICs), meaning that the user can enable or 

disable any one of the interrupt lines through software. 

When an interrupt is detected on one of the lines, the PlC first logs the 

interrupt, and then determines if its priority is higher than the currently serviced 

interrupt. If it has a lower priority, the PlC waits until the servicing of the higher 

priority one is completed before sending a signal to the CPU. When the CPU 

acknowledges the receipt of the signal, an identification number is requested from 

the PlC to identify the source of the interrupt. Using this number, the appropriate 

interrupt service routine is invoked by mapping it to a table known as interrupt 
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vector table. This look-up table contains a list of service routines for each 

interrupt, and it is filled under software control. 

2.3. Man-Machine Interface 

An interface as defined in IEEE Standard Dictionary of Electrical and 

Electronics Terms is a shared boundary between a considered system and another 

system, or between parts of a system, through which information is conveyed. A 

man-machine interface (MIMI) is an integral part of a real-time control system that 

provides a direct link between the human operator or user and the control system. 

Through MN'II, the user is able to obtain information about system status and to 

alter system operation as necessary. Before the flourish of digital technology, MIMI 

consisted of mainly analog gauges, turning knobs and switches, and the operator 

had to interpret the information and make necessary control adjustments manually. 

As control systems become highly automated and computer-based, it is reasonable 

to take advantage of the new technology to employ economical and reliable devices 

such as digital meters, intelligent terminals and workstations. Thus computer-based 

plant control changes an operator's job from performing physical control work to 

supervising the control system. 

As the name suggests, MIMI is not exclusively a hardware level exchange but 

involves human interaction and intervention. The interaction ranges from turning 

on or off a device to monitoring and changing the controller parameters. The Mivil 

usually consists of a computer program that accepts command from the user. An 
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interactive dialogue is the primary communication medium between the system and 

the user [13]. Common dialogue forms are: i) question and answer, ii) menu 

selection, and iii) form filling. Question and answer was the most common one in 

earlier days, but recent trends are toward flexibility and thus menu selection is the 

choice. Many different types of equipment are available as input devices. They 

range from simple alphanumeric keyboard to mouse and touch screen. However, 

in a computer-based plant control environment, a set of properly grouped and 

clearly defined function keys or switches are preferred because they reduce the risk 

of making an error in an emergency situation [14]. Regardless of the dialogue 

method and the input device, the choices available to the operator must be concise 

and as specific as possible. 

The most noticeable element in a MiVIT is display, which includes display 

methods and display devices. The display presents diagnostic information relevant 

to system operation in an easy to understand manner. One of the display methods 

is to have a pictorial representation of the control system that enhances the 

operator's understanding of the system operation. Another method is to have 

numerical data critical to system operation plotted in graph form for easy and quick 

interpretation. Combining both methods and allowing the operator to select give a 

better Mlvii design. A9 a majority of the displays are in graphic form, intelligent 

graphic terminals are the natural choice for the job in all cases. 

A well-designed MMII can also aid the system designer in the development 

process of a computer/controller. It can act as a debugging and development tool 
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by providing the system designer with on-line results. From the results, the system 

designer can evaluate the system performance and make adjustment as needed. 

Designing such a tool is an important and necessary step in the improvement of 

adaptive control and is the major contribution of this thesis. 

2.4. Plant-Computer Interface 

Plant-computer interface is found at the input and output of a controlled plant. 

It functions as a bridge between the computer and the physical plant, and it can be 

as complicated as a machine vision system or as simple as a switch. But in most 

practical systems, some form of measuring devices are employed. 

At the output of a plant, important signals are sampled usually by a data 

acquisition system (DAS) which reports the sample values to the computer. A 

basic data acquisition system consists of a sample/hold circuitry, an analog-to-

digital (A/D) converter, a multiplexing scheme to measure more that one signal, 

and a bus interface to communicate with the computer/controller. Reference [15] 

gives a detailed description of the DAS used in this project. 

Generally, before the measurements can be sampled filtering is required to 

remove undesired frequency components. For instance, a wash-out filter removes 

dc component and a low pass filter eliminates high frequency noise. Sometimes, it 

is also necessary to scale the actual signal to a range that can be handled by the 

AID converters. For example, a potential transformer is employed to step down 

the terminal voltage of a synchronous generator from the kilovolt range to a few 
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volts. Quite often it is not possible to observe a desired variable directly. A 

combination of several measurable values may be needed to determine the variable. 

The interface at the input of the physical plant is considerably simpler. It 

involves converting the digital form of a control output into analog form using 

digital-to-analog (D/A) converter. It holds the level until the controller supplies a 

new value. When there are several control outputs from the computer to the plant, 

a multiplexing scheme is usually not used. Rather, each output line has its own 

dedicated D/A converter largely due to the fact that D/A converters are inexpensive 

and this method reduces circuit complexity [12]. 

2.5. Plant Modeling And Identification 

One of the functions of a STC is to identify a mathematical model 

representing the operation of a plant. A discrete-time model is a mathematical 

model suitable for application with digital computers. A good knowledge of the 

structure and the characteristics of the plant under study allows the selection of a 

specific model. Such model selection simplifies the identification problem to that 

of coefficient identification. 

For a single-input single-output system as shown in Fig.2.3a, a linear 

difference equation can be written as 

A(z 1)y(k) = z1B(z 1)u(k) , (2.1) 

where A(z 1) = 1 + a1z1 + + 
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Fig.2.3 Single-input single-output system model 
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B (z 1) = + + 

y (k) is the output sample, 

u (k) is the input sample, 

and I is the plant delay and it is zero for generators. 

However, the input and output of a physical plant are usually corrupted by 

noise disturbance which can be represented as shown in Fig.2.3b. If the 

disturbance is a stochastic signal, it can be modeled as D (z 1) e (k), where e (k) is 

a white noise sequence with zero mean [16]. Thus the system model becomes 

(z Y (k) = z_1 B  
A(z1) u(k)+D(z1)e(k) 

By augmenting A (z') to include the poles of D (z'), the model becomes 

y(k) = z-, B(z 1)  u(k)+ C(Z1)(k) 
A(z 1) A(z 1) 

(2,2) 

(2.3) 

where C (z 1) = 1 + c + + c, ,z' . This model is commonly known as 

auto-regressive moving-average (ARMA) control model, and it is used extensively 

in self-tuning control strategy. 

The main objective of all identification techniques is to minimize certain error 

criteria to optimally fit the model to the observed data. With the on-line recursive 
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least squares (RLS) method presented in Appendix A, the square of the error 

between the measured output and the predicted output using identified coefficients 

is minimized. Although the introduction of forgetting factor, 2k., makes the RLS 

algorithm track slowly time-varying coefficients closely, it is difficult to select an 

appropriate value to always gives the best estimated coefficients [8]. Furthermore, 

when the slowly time-varying plant operates at steady state for a long time, the 

prediction error tends to zero. In such case, a forgetting factor less than one causes 

the error covariance matrix, P (k), to increase indefinitely as seen from equation 

A.9 [9]. 

Many methods of selecting a proper forgetting factor have been proposed. 

Most of the methods involve varying the forgetting factor as a function of data. 

The one suggested by Lozano-Leal and Goodwin is presented here [17]. In this 

method, the forgetting factor, 2(k), is computed at each iteration to maintain a 

constant trace of the error covariance matrix, P (k), i.e. 

trace [P(k)_K(k)4T(k)P(k)] 

trace [FQ] 
(2.4) 

where P0 is the initial error covariance matrix, and P (k) is the matrix at that 

iteration before being discounted by X. 

Applying this method to the implementation of a SPSS is another contribution 

of this thesis. 
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2.6. Control Strategy 

A control strategy is a computation procedure that the computer/controller 

employs to calculate the control output signal. Various control strategies have 

been proposed and developed for self-tuning control and each one has features that 

are attractive to some applications but performs poorly in other applications. 

For example, minimum-variance (MV) control strategy minimizes the output 

variance of the controlled system. It is simple and easy to implement, and found 

application in quality control environment in industry [18]. However, this type of 

control has its drawbacks. It ignores both the 'practicable controllability' of the 

plant and the variance of the control effort required [16]. That is, the control output 

may saturate and cause instability. Other control strategies, like pole-zero 

assignment (PZA) control and pole assignment (PA) control, are developed to 

overcome the closed-loop stability problem. The type of control strategy 

considered in this thesis is an extension to the pole shift (PS) control presented in 

Appendix B. 

The pole-shifting factor in PS control improves the stability margin of the 

controlled plant, but it is difficult to select an appropriate value for a in plants that 

have a wide range of operating conditions [18]. Thus, it is natural to progress to a 

self-searching pole shifting factor technique [8,9]. The algorithm works on the 

principle that the pole-shifting factor, a, is an implicit function of control output, 

u (k), as seen from equations B.6 and B.7. Then a sensitivity function is obtained 

by differentiating equation B.7 with respect to a, 
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Du - Da Da —x T DZ 
-. 

Using equation B.6b, we have 

au -- =XTM-1 ?& 

aa Do; 

= x M 1 [a 1 2a2c, ..., na . a, . a' 1 0, 

Since the control output is limited by 

U flflfl ≤ U ≤ Um 

the control margin is defined as 

Lu = UmaxU 

= UUmiii 

for u ≥ 0, 

for u <0. 

The modification of the pole-shifting factor is given by 

11 —au 

AU 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

where K is a positive constant chosen to avoid excessive variation in a. Thus the 

variable pole shifting factor, a(k), is updated at every control cycle using 

a(k) = a(k-1) + Lc'... (2.10) 
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2.7. Summary 

The basic concepts of a real-time digital control system are discussed and the 

functions of the major components are described in detail in the chapter. Emphasis 

has been placed on the variable pole-shifting PS self-tuning controller with variable 

forgetting factor. This type of controller is able to identify a plant model on-line 

and to compute the control output according to plant operation variation. Two 

suggestions are made to improve the performance of the STC. A Mlvii is to be 

designed as a debugging and development tool and a constant trace of P matrix 

method is to be implemented for variable forgetting factor calculation, 
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CHAPTER 3 

SELF-TUNING POWER SYSTEM STABILIZER 

3.1. Introduction 

Power system stabilizers are used extensively on synchronous generators to 

improve system stability. The drawbacks of conventional stabilizers have led to 

the search for an alternative design. With the advance in digital control 

technology, the application of adaptive control in stabilizer design becomes 

realizable and feasible. In this chapter, the development of power system 

stabilizers is briefly described. The advantages, as well as the disadvantages, of 

each type of design are given. The man-machine interface feature requirements are 

specified in order to effectively evaluate the performance and behavior of the self-

tuning power system stabilizer. 

3.2. Conventional Power System Stabilizer 

In the early days of power industry, electric power demand was low and the 

system was small. A continuously acting voltage regulator adequately maintained 

the terminal voltage at an acceptable tolerance and regulated the steady state power 

flow in the system. As electric power demand increased interconnections between 



22 

power systems were introduced and were subsequently enlarged. The expansion 

raised interest in power system stability problem as it affected the economic and 

stable operation of the interconnected system. The power system stability problem 

is classified into three categories [191: 

(1) steady state; 

(2) transient; 

(3) dynamic. 

Steady state stability refers to the behavior of a power system around a fixed 

operating point. It depends entirely on the system operating conditions and no 

disturbance large or small is considered. Transient stability concerns with the 

ability of a power system to withstand a large sudden impact. Failure to maintain 

stability during and after an impact causes generators to lose synchronism. 

Dynamic stability is the study of system stability under a random occurrence of • 

small load changes when the system is operating around an operating point. 

Instability in this case results in long term low frequency oscillations in the system. 

Automatic voltage regulators provide effective control in steady state and 

transient situations. However, in modem highly interconnected power systems, 

these regulators often cause dynamic stability problem. It is observed that the 

negative damping introduced by voltage regulators causes small but persistent low 

frequency oscillations of synchronous machine rotors relative to one another to 

occur after a disturbance [20]. To damp out these oscillations and hence improve 
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the system dynamic stability, an auxiliary control signal is introduced into the 

excitation control to supplement the voltage regulator output. The device 

producing the stabilizing signal is known as power system stabilizer (PSS). 

A conventional PSS is an analog device that derives the stabilizing signal 

from speed deviation, accelerating power or frequency error. Its feedback transfer 

function provides compensation for the gain and phase characteristics of the 

excitation system, the generator and the power system [19,20]. Design of the 

transfer function is based on a linearized model of the system around a certain 

operating point. As the actual power system operates over a wide range of 

operating points and has non-linear characteristics, the effectiveness of a 

conventional PSS deteriorates when the system operates away from the designed 

operating point. Thus a compromise is necessary in implementing a conventional 

PSS to obtain the optimal performance over a wide range of operating conditions. 

The compromise does not always give the best performance for all situations. 

Therefore, it becomes desirable to find an alternative design that gives a PSS the 

ability to adjust its parameters and perform consistently as the system operating 

condition varies. The type of design that is capable of achieving these goals is 

adaptive control. 

3.3. Application Of Adaptive Control To PSS 

Adaptive control techniques are attractive to controller designers in two ways: 
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(1) the ability to modify model parameters to track plant operation variations; 

(2) the availability of various control strategies to meet different performance 

requirements. 

As the development of adaptive control techniques is based on discrete-time 

models, they are well suited for digital implementation. Taking full advantage of 

the rapidly advancing microprocessor technology, complex and computationally 

time-consuming adaptive control algorithms become realizable in real-time 

applications. One of the applications that has attracted much research effort is in 

the field of generator excitation control. Research work on such application has 

been performed by the power system group of the Department of Electrical 

Engineering at the University of Calgary for a number of years. Significant 

contributions have been made in both theoretical and practical aspects [5-9,21-25]. 

Earlier application of adaptive techniques in generator excitation control has 

been concentrated on model reference adaptive control (MRAC) technique. Fig.3.l 

shows the basic structure of a MRAC system. Improvements shown by 

implementation of MRAC excitation controller over conventional stabilizer indicate 

that adaptive control techniques are suitable to power system applications [21,22]. 

In the MRAC excitation controller, the actual output of the synchronous machine is 

compared against the desired output provided by a reference model. An adaptive 

mechanism makes use of the difference between these outputs to adjust the 

parameters of a machine model stored in a computer. Then a control signal is 

calculated to minimize the difference. However, to obtain satisfactory performance 
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requires an appropriately selected reference model that gives the desired 

performance indication. Such model choice is difficult even if the designer has a 

good knowledge about the plant. 

To overcome this difficulty, a self-tuning adaptive control technique is 

investigated. The theory of self-tuning control is given in Chapter 2 and the basic 

structure is shown in Fig.2.2. The main idea in self-tuning control is to explicitly 

identify a parametric model of the controlled plant, a synchronous generator in this 

case, and then apply a control strategy to generate a suitable control signal using 

the identified model [16]. Although many identification algorithms are available, 

the most common and popular one is the RLS identification technique given in 

Appendix A. The choice of control strategy depends on the performance criteria 

specified. 

One of the many performance criteria is to minimize the output variance of 

the controlled plant which is known as minimum variance (MV) control. A self-

tuning automatic voltage regulator [23] and a dual-rate sampling self-tuning 

regulator [24,25] for synchronous machine excitation control are designed based on 

this control strategy. However, the MV control has two major drawbacks: 

(1) A large control effort may be required to minimize the output variance and it 

may exceed the physical limit. 

(2) Little consideration is given to closed-loop stability. 
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To circumvent these drawbacks, pole assignment (PA) control strategy is 

proposed [26,27]. The objective in PA control is to place the closed-loop poles of 

the controlled plant at locations where desired closed-loop performance 

characteristics and stability can be achieved. But inappropriately chosen closed-

loop pole locations may result in an unstable controller. A method that locates the 

closed-loop poles automatically is therefore required. 

The pole shift (PS) control strategy is an extension to PA control and its 

mathematical derivation is given in Appendix B. Rather than explicitly selecting 

the closed-loop pole locations, the closed-loop poles are obtained by shifting the 

open-loop poles of the controlled plant towards the origin of the unit circle [5,6]. 

By doing so, closed-loop stability is obtained and the algorithm is simplified with 

only one parameter, pole-shifting factor, needed to be tuned. In reference [5], a 

self-tuning power system stabilizer (SPSS) is implemented based on PS control 

strategy using a fixed pole-shifting factor. Although PS control resolves the 

problem of selecting closed-loop poles, a different problem is introduced. It is 

observed that when the open-loop poles are shifted by a large factor, the control 

signal becomes saturated at the occurrence of disturbances. Thus it is natural to 

develop a self-searching method to find a suitable pole-shifting factor. 

The control strategy having self-searching pole-shifting factor feature is called 

variable pole shift control [7,9] and the theory of such a method is given in 

Chapter 2. The purpose of varying the pole-shifting factor is to shift the closed-

loop poles as close as possible to the origin of the unit circle in z-domain without 
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violating the control constraint. At the same time the variable PS control strategy 

is being developed, improvement on RLS identification technique is also made. 

The improvement calls for a variable forgetting factor that changes with the 

amount of information available to the identifier. 

Using the variable forgetting factor and variable PS control strategy, a 

microprocessor based SPSS is implemented in reference [7]. Further study on 

improving this stabilizer has led to the design of a dual-rate version in reference 

[9]. In the dual-rate implementation, the parallel nature of the self-tuning control 

technique is exploited in a multiprocessor structure. 

3.4. MMI In The Evaluation Of SPSS 

Although SPSS shows excellent performance in simulation and gives 

satisfactory results in laboratory implementation, it is far from ready to be applied 

in the field. Further evaluation of its performance and detailed study of its 

behavior under all operating conditions are needed to improve its reliability and 

robustness. Such evaluation requires judgement and interpretation of the 

experimental results by the system designer. To effectively perform the tasks, a 

user friendly and powerful MIMI is an invaluable tool. 

A useful way to observe the behavior of the SPSS is to keep a trace of all 

important variables when the device is operating. The trace values provide 

information on how the SPSS reacts and how each variable responds to the 

occurrence of disturbances. To aid the system designer in the interpretation of the 
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numerical trace values, graphical presentation of the values should be adopted as 

the main feature of the NM. 

The SPSS is a self-tuning device in the sense that it is able to track system 

variation, but there are several system parameters requiring adjustment or tuning to 

perfect its performance. One of these parameters is the K factor in variable pole-

shifting factor calculation. As seen from equations 2.9 and 2.10, the constant K 

governs the rate at which a varies. If it assumes a large value, the system 

becomes very sensitive to disturbance and a changes rapidly and abruptly, resulting 

in jerky control. Though the pole-shifting factor, a, should be zero under steady 

state operation, physical control limits and system noise makes it necessary to 

impose a lower limit greater than zero but less than one on a. This lower limit 

affects the stability of the stabilizer at steady state and during disturbances. 

Another important parameter is the forgetting factor, X, in the ELS 

identification algorithm. If it is allowed to reach a very small value, the estimated 

coefficients of A (z') and B (z 1) become extremely sensitive to noise. A lower 

limit on 2. is needed to reduce the fluctuation. The computation method for 

variable forgetting factor outlined in Chapter 2 depends on the initial trace value of 

the error covariance matrix, P. This initial value is vital to the successful 

identification of the coefficients. A large value of the trace forces the forgetting 

factor to stay at the lower limit for a long period of time after a disturbance, 

resulting in convergence to erroneous coefficients. On the other hand, too small a 

value makes the identification slow in tracking system operation changes. 
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All these parameters are system dependent, i.e. each system has its own set of 

values. Only general guidelines are available in the selection of an appropriate set 

of values and a trial and error method is necessary to improve the selection. Since 

the selection method is a lengthy and tedious task, it is very likely for mistakes to 

occur during the process. The MMI must include features that reduce the 

probability of human errors and assist the system designer to accomplish the 

selection task efficiently. 

One way of reducing human errors is to decrease the amount of information 

the system designer has to remember in order to use the system. Another way is 

to reduce the amount of work the system designer has to perform to make a 

request. A menu-driven dialogue meets both criteria because the system designer 

is not required to memorize and type any command. To improve the efficiency 

and speed of the tuning process, the NM must have a history feature so that the 

system designer can save a set of values considered to be appropriate at one time 

and recall it if some changes are made in a failed attempt to achieve better result. 

To observe and analyze the effect of different parameter values, the MIMI must be 

able to provide hard copy records of the SPSS's response for comparison. 

Furthermore, the MIMI must take precautions to ensure that the observation does 

not interfere with the stabilizer's normal operation. 

All the MIMI design features described in this chapter are incorporated in the 

implementation presented in Chapter 4. 
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CHAPTER 4 

MMI DESIGN AND IMPLEMENTATION 

4.1. Introduction 

As stated in Chapter 3, the self-tuning power system stabilizer with variable 

forgetting factor and variable pole-shifting factor has been implemented in 

references [7] and [9]. Through multiprocessor structure, the design in reference 

[9] gives a better performance over the single processor implementation in 

reference [7]. However, a further in-depth study on the SPSS's performance and 

behavior is desirable to insure that it will be a reliable device in the field. To 

accomplish this goal, a new user friendly man-machine interface is designed and 

implemented. The MMI is described in this chapter. It serves as a friendly and 

efficient tool to the system designer. It provides flexibility in tuning system 

parameters and presents important results in an easy to interpret manner. 

The multiprocessor structure in reference [9] is expanded and the software 

developed is modified to accommodate the new MMI. During the software 

modification process, it is discovered that the SPSS's performance can be improved 

by optimizing the software code to make it computationally efficient. The 
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hardware configuration and software structure of the control system are described 

in the following sections. 

4.2. Multiprocessor System Hardware Setup 

Functionally, the self-tuning power system stabilizer has four tasks to perform: 

(1) obtain machine output samples; 

(2) identify machine model coefficients; 

(3) calculate and output control signal; 

(4) communicate with the system designer. 

Based on these tasks and the inherent parallel nature of the self-tuning control 

strategy, it is possible to implement the SPSS using a multiprocessor structure by 

dedicating one processor to one task. Fig.4.l shows the multiprocessor system 

setup and the associated task numbers. 

The processors communicate with one another through an Intel MIJLTIBUS 

common bus structure [28]. The bus has 20 address lines allowing up to 16-

megabytes of system memory. Data between processors are transferred through 16 

bidirectional data lines. Bus clock, bus request and other bus control signals are 

provided by 18 bus control lines. Eight parallel interrupt lines are available for 

inter-processor coordination. 

The CNTRL, DENT and MMI processors employ three Intel single board 

computers (SBCs), one iSBC-86114 and two iSBC-86/30 respectively [29]. The 

central processing unit (CPU) on each SBC is an Intel 8086 microprocessor and it 
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is coupled with a 8087 numerical co-processor for floating point computation. The 

8086/8087 combination is capable of operating at a clock rate of 5 MHz or 8 MHz. 

The iSBC-86/30 and iSBC-86/14 are identical in terms of functional capabilities 

but the former one has 128k bytes of dual port random access memory (RAM) 

while the latter one has only 32k bytes on board. Besides being utilized by the on 

board CPU, the dual port RAM memory on each SBC is accessible by other SBCs 

on the bus, and they are configured to unique MULTIBUS addresses as shown in 

Fig.4.2. Knowing the specific memory addresses on other SBCs enables sharing of 

common and important variables. 

Other hardware devices utilized on each SBC are as follows: 

(1) The control, identification and MMI programs are installed into the EPROM 

space provided on the respective SBC. 

(2) The serial communication port on the MMI processor (iSBC-86/30) interfaces 

with a graphics terminal. 

(3) One of the programmable interrupt timers on CNTRL processor (iSBC-86/14) 

provides sampling timing. 

(4) One of the iSBX multimodule expansion bus interfaces on CNTRL processor 

is connected to an iSBX-328 analog output board. One of the analog output 

channels is used as control output of the SPSS. 

(5) A bus interrupt coming from CNTRL processor is tied to interrupt line 2 of 

the interrupt controller on DENT processor. 
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(6) Two interrupt sources are wired to the interrupt controller on CNTRL 

processor. Interrupt line 2 comes from an on-board interrupt timer and 

interrupt line 1 comes from a bus interrupt line from DENT processor. 

The display terminal used in the implementation is a UP-2623a graphics 

terminal. Besides its graphics capability, it produces hard copies which is 

invaluable in analyzing and presenting results. It also has eight user definable 

function keys for easy menu-driven dialogue. 

The task of sampling outputs of the generator is performed by a DAS. On 

board hardware components of the DAS include two analog input channels, a 

sample/hold circuit, a 12-bit AID converter, a multiplexing circuit and a 

MULTIBUS interface. The operation of the hardware components is governed by 

an EPROM program based on event-driven sequential circuit design. The detailed 

function of this program is described in reference [15]. As far as other processors 

on the system are concerned, the DAS is merely a slave device on the system bus 

with several MULTIBUS addresses for command words and sample values. These 

addresses are shown in Pig.4.2 also. The gain and offset of the DAS are 

programmable through software at initialization stage. To use the DAS for 

sampling, the requesting processor sends a command word through the bus 

interface and then waits for the result. 
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4.3. System Coordination 

The MULTIBUS bus structure supports multi-masters on the bus. That is, 

any processor on the bus can have full control and usage of the bus at certain time 

interval. However, bus contention problem arises when more than one processor 

request the use of the bus at a given moment. Also, access to the bus by one 

processor may be more crucial than for others. A bus usage priority scheme is 

therefore necessary to resolve the contention problem. The bus arbitration circuit 

on board of each SJ3C and the system backplane provide jumpers to establish a 

priority scheme [29,30]. 

Since the CNTRL processor requires the service of the DAS to obtain new 

samples, its use of the bus is the most critical and is therefore assigned the highest 

priority. The IDENT processor has the second highest priority. It uses the bus to 

obtain samples from, and transmit identified coefficients to, the CNTRL processor. 

Although the MM! processor acquires data from CNTRL and IDENT processors, it 

is assigned the lowest priority among the three SBCs as its operation should not 

hinder the stabilizer's response time. 

As the stabilizer computation is divided into two parts performed by two 

processors, synchronization between the CNTRL processor and the DENT 

processor becomes an important issue. Synchronization is achieved through bus 

interrupts, and the timing diagram is shown in Fig.4.3. The CNTRL processor 

starts the control cycle at the receipt of a timer interrupt. After sampling the 

machine output and determining that the last identification cycle is completed, it 
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starts the identification algorithm by sending a bus interrupt to the IDENT 

processor. Upon receiving the bus interrupt, the IDENT processor raises the level 

of another bus interrupt line and begins its computation. The level on the bus 

interrupt line is lowered at completion of the computation. The interrupt controller 

on the CNTRL processor detects this high-to-low transition and registers it as the 

completion of the last identification cycle. 

With three processors working together, it is inevitable that common variables 

be shared. Table 4.1 lists common variables in the system with their local and 

system addresses. Variables common to the DENT and CNTRL processors are 

vital and necessary in the actual control computation. They include the past and 

present machine output samples, control output values and the identified 

coefficients of the machine model. 

Variables shared by either the NM and the CNTRL processor or the NM 

and the IDENT processor have three functions. The "flags" are used to change the 

status of a certain function. For example, a true state of "ident_flag" turns on the 

identifier while a false state indicates that it is off. "pdia", "sample" and "tbuf' 

are buffer space for display and plotting. The two arrays, "const_array" and 

"theta_array", contain tuning parameters that the system designer has liberty to 

change using the MIMI. The detail on how these functions are achieved and how 

these variables are changed is given in the following sections under which the 

variables are associated. 
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Table 4.1 Common variables in multiprocessor SPSS 

Processor Variable Used By Local 
Address 

MultiBus 
Address 

CNTRL cntrl flag MMII 700011 O9f000H 

]DENT ident_flag 
access flag 
trace_flag 
tptr_in 
p_dia[ I 
sample (struct) 
tbuf[] (struct) 

itheta[] 
ucon[] 
ycon[] 
uc 
yc 
aiphac 
ident done 

MMII 
MMII 
MMII 
MMII 
MMII 
MMII 
MMII 

CNTRL 
CNTRL 
CNTRL 
CNTRL 
CNTRL 
CNTRL 
CNTRL 

flO011 
f1011l 
f1OfH 
f1O3H 
f1 10H 
f 14011 

10000H 

f000H 
fO2OH 
fO3OH 
fO4OH 
fO44H 
fO48H 
fO4cH 

Oaf 100H 
Oaf101H 
Oaf1OfH 
Oaf 103H 
Oaf11011 
Oafl4OH 
Ob0000H 

Oaf000H 
OafO2OH 
OafO3OH 
OafO4OH 
OafO44H 
OafO48H 
OafO4cH 

MMII ready_flag 
change_flag 
const_ array [] 
theta_array[ } 

IDENT, CNTRL 
DENT, CNT.RL 
DENT, CNT.RL 
DENT 

4e4H 
4e5H 
40011 
42411 

O2O4e4H 
O2O4e5H 
02040011 
020424H 

4.4. Man-Machine Interface Program 

The software portion of the NMI is developed in a modular manner using the 

programming language PL/M-86 [31] and utilizes structured programming 

techniques. Appendix C gives the structure chart and the pseudocode of the MMII 



41 

program. The main responsibility of the program is to process keyboard 

commands and perform the requests. The commands are entered by the system 

designer via keyboard function keys in a menu-driven dialogue. Such dialogue 

style reduces the possibility of error since the designer is not required to remember 

the valid commands or to type in a lengthy command. Also, since the function 

keys are reconfigurable, the options available can be adjusted to reflect the latest 

choice. 

The Mvll program starts at system reset or power-up as it is stored in the 

EPROM space. It initializes the default constant parameter values in "const_array" 

and "theta_array" to be used by the CNT.RL processor and the IDENT processor. 

When the initialization is completed, a synchronization flag, "ready—flag", is set to 

signal the other two processors that the values are ready to be read. The 

initialization part of the MMI program also sets up the hardware components, the 

8087 math unit and the serial communication port. 

The main screen display at power-up is a pictorial representation of the SPSS 

as shown in Pig.4.4. Several values relevant to the stabilizer's operation are 

displayed and updated every two seconds: 

(1) the machine output, y; 

(2) the control signal, u; 

(3) the identified coefficients of A (z 1) and B (z1); 
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(4) the forgetting factor, A; 

(5) the pole-shifting factor, a; 

(6) the diagonal values of error covariance matrix, P. 

These values are stored in the buffer space, "sample", on the IDENT processor and 

they are updated at the end of every identification cycle by the identification 

program. A software flag, "access flag", acts as a token to gain access to this 

buffer and prevents a deadlock situation. Before reading the buffer, the Mrvll 

program polls the flag until it becomes false. It then sets the flag true and reads 

the values from the buffer. While the flag is true, the buffer is not updated by the 

identification program until the MIMI program finishes reading and clears the flag. 

Through function keys, the MIvil program presents the designer with six 

options at this level: 

(1) switch on/off identifier; 

(2) switch on/off controller; 

(3) change constant parameters; 

(4) change initial identified coefficients; 

(5) turn on trace and plot function; 

(6) soft reset the system. 

The independent switch on/off identifier and controller feature enables the stabilizer 

to perform identification without any control action affecting the machine and 

makes it possible to examine the identification algorithm alone. However, true 
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independence cannot be granted as the identifier and the controller are supposed to 

work cooperatively in a self-tuning stabilizer. Two conditions are imposed to 

adhere to this objective. Firstly, the controller can be switched on only when the 

identifier is on because the machine model coefficients are undefined without the 

identification running. Secondly, for the same argument, the identifier cannot be 

turned off when the controller is on. Switching on the controller sets the variable, 

"cntrl_fiag", and turning on the identifier sets "ident_fiag". 

By selecting the change constant parameters option, the screen displays a list 

of constant parameters as shown in Fig.4.5. This set of values is stored in the 

array "const_array" and accessible to both CNTIRL and DENT processors. To 

alter the value of a parameter, the designer uses the function keys to move the 

cursor up or down to the desirable parameter. Then he selects the change key and 

enters a new value. A precaution is built in to prevent mistakes in entering new 

values. If the designer decides to retain the present value after selecting the 

change key, a blank input line signals as no change to the program. Before any 

change is made, it is possible to save the present set of values by selecting the save 

option. The designer is not required to remember the old set of values for later 

use. Also, an option is provided to let the designer reset the constant parameters 

back to default values. The change initial identified coefficients option works 

along the same lines but with the array "theta—array". 

To notify the control or identification program that a change is made, the 

common variable "change—flag" is utilized. "change_flag" is a one byte variable 
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with each bit representing a change in a constant parameter or a group of 

parameters as defined in Fig.4.6. When a valid change is made on a parameter, it 

is first recorded by the program. After all changes are completed and the designer 

selects to return to the main screen, the appropriate bits of "change_flag" are set. 

The control and identification programs check for bit changes and read the 

appropriate values at every cycle. Room for expansion is provided as the first four 

bits of "change_flag" are available for future use. 

When the trace and plot option is selected, the NM main program calls the 

routine "graph", which acts as the trace/plot subsystem, to perform the request. 

When the routine is invoked, the trace function is turned on automatically by 

setting the variable on identification processor, "trace—flag", to true. The 

identification program then stores the same variables as in "sample" except "p_dia" 

into the trace buffer "tbuf' instead of "sample" at the end of every identification 

cycle. The trace buffer, "tbuf', residing on the identification processor, has room 

xxx x control const. lower X. identified coeff. diagonal P 

Fig.4.6 Bit definition of "change—flag" 
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for 1500 samples of variables and it can be reset by the designer at any time by 

selecting the reset trace key. 

However, plotting does not wait for buffer full to begin. Values of y and u 

are plotted immediately on the screen after they are read from "tbuf' as shown in 

Fig.4.7. When the curves reach the end of screen, the old curves at the beginning 

are erased and new values are plotted to give a continuous display as seen in 

Fig.4.7. Every time the NM program reads a set of trace values from "tbuft, they 

are transferred to a window buffer on the MMI processor. The window buffer size 

can be changed as desired but 500 samples is the default size. The use of window 

buffer offers two advantages: 

(1) Plotting of other variables and redrawing of y and u plots can be done 

efficiently and quickly because off-board access is eliminated. 

(2) The MTULTIBTJS can be utilized entirely by CNTRL and IDENT processors. 

Since the display terminal cannot plot the values as fast as they are traced, the 

plots of y and u are not exactly in real time and a time delay exists. The tracing 

stops temporarily when the buffer is full and resumes when the whole buffer has 

been read. The continuous plotting function can be halted at the designer's request 

and the plots of other variables, coefficients of A (z 1) and B (z 1), a and A, within 

that time frame can then be drawn by making the appropriate selection. Hard 

copies of the current plot on display can be obtained by selecting the hard copy 

option. Exiting this subsystem turns off the tracing function automatically, i.e. 

setting "trace flag" to false, and returns to the main screen. 
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4.5. Identification Program And Control Program 

With the added features of the new NM, the identification and the control 

programs developed for previous design have to be modified to include these 

features. At the same time the software is being modified, further improvement on 

the SPSS's performance is made by eliminating redundant codes and optimizing 

computation codes. This improvement reduces the execution time required by the 

control program to 8ms and the identification program to l5ms, as compare to 

lOms and 70ms in the previous version. The time reduction allows identification 

to be performed in parallel with control calculation at every control cycle. The 

structure chart and pseudocode for the improved programs is given in Appendix C. 

Despite the fact that the identification program and control program perform 

different computations, they share the same software structure. On system reset or 

power-up, the hardware components and software variables to be used are 

initialized. Then both programs wait for interrupts to start their respective 

computation routine. 

Both the control program and the identification program perform floating point 

calculations, so it is necessary to initialize the 8087 math unit. However, the 

control program also performs sampling, an interrupt timer is set up to provide the 

sampling timing at 20ms interval. Since the control program requires the service 

of the DAS board and the D/A output module, they are also initialized. As the 

MXII processor contains the default values of important constant parameters, both 

programs have to wait for the synchronization flag, "ready_flag", to be set by the 
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NM program before the values can be read. Once all hardwares are set and all 

variables are initialized, both programs enter the interrupt wait state. 

At the receipt of a timer interrupt, the interrupt servicing routine of the control 

program performs four functions: 

(1) checks "change_flag" to see if there is any change in constant parameter 

values; 

(2) requests new machine output sample from DAS; 

(3) performs actual control calculation if "cntrl_flag" is on; 

(4) passes on the new output sample and control output to identifier and starts the 

identification cycle. 

When these functions are completed, the control program returns to the wait state. 

An improvement in the new control program is to reduce the initial impact of the 

SPSS. This is accomplished by decreasing the value of a slowly from its initial 

value to its lower limit, a is reduced by 0.005 every 5 seconds. 

The functions performed by the interrupt servicing routine of the identification 

program are considerably simpler. At the receipt of a bus interrupt from the 

control processor, the identification interrupt servicing routine checks the bits in 

"change flag" for changes in parameter values, and performs identification 

calculation if the variable "ident_flag" is on. The new version of the identification 

program includes the constant trace of P matrix computation method for variable 

forgetting factor calculation. At the end of every identification cycle, important 
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variables are stored in the buffer space "sample" or "tbuf' depending on whether 

the trace is on as mentioned in the previous sections. Again, at completion of the 

interrupt servicing, the program waits for the arrival of the next interrupt. 

4.6. Summary 

The multiprocessor implementation of the SPSS described in this chapter 

gives an improvement over the previous design in both hardware and software. 

The improvement mainly comes from the new man-machine interface that offers 

the system designer a powerful tool in studying the SPSS. By dedicating a SBC to 

the Mlvii, it is possible to include features that are otherwise difficult to 

incorporate. The system designer is able to make changes to a parameter and 

observe its effect through graphic display of the stabilizer's response. With the 

increased complexity in MMI and hence the complete system, effective system 

coordination in hardware and software is also developed and implemented. An 

added bonus in the development of the new MM! is the improved performance of 

the SPSS in terms of execution time. 
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CHAPTER 5 

ON-LINE EXPERIMENTAL RESULTS 

5.1. Introduction 

The multiprocessor SPSS with the new MMII design was tested on-line. The 

laboratory setup and the equipment utilized are outlined in this chapter. The on-

line test results of the multiprocessor implementation are described with emphasis 

on how the NM designed in Chapter 4 assists the system designer in the 

evaluation of the SPSS. The results show the importance of the NM in the 

investigation of the SPSS system parameters. The performance of the SPSS is 

compared against that of a conventional stabilizer. 

5.2. Experimental Setup And Component Description 

An experimental setup has been employed to model a simple power system 

and it is shown in Fig.5.l. The setup consists of a 3 kVA cylindrical rotor micro-

alternator acting as a generating unit driven by a separately excited 5.6 kW dc 

motor. The generator is connected to an infinite bus through a double circuit 

transmission line. The transmission line is simulated by two parallel five it-

sections with each it-section representing 50 km of a 500 kV transmission line. 
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Protective circuit breakers as seen in Fig.5.1 are used for short circuit fault 

simulation. Circuit breakers no.3 & 4 are used to isolate the line from the rest of 

the system while breaker no.5 is used for the application of short-circuit fault. The 

inception of short-circuit faults and the opening and reclosure of circuit breakers 

are controlled by an EPROM-based sequential logic circuit. 

The time constant regulator (TCR) is used to vary the field time constant of 

the micro-alternator to simulate that of larger generators. This device is able to 

change the effective field time constant of the micro-alternator up to 10 seconds. 

Input to the TCR is limited to 0 to 4.7 volts dc. Detailed description of the TCR is 

given in reference [32], 

The AVR in the experimental setup is a simple first order circuit with the 

transfer function 

Ge(s) - 100  
1+0.0ls 

(5.1) 

The potential transformer steps down the three phase voltage output of the 

generator and the full-wave bridge circuit rectifies the transformed voltage. The 

low pass filter is an eighth-order Butterworth with a cut-off frequency of 8 Hz. It 

filters the rectified signal to yield a dc signal proportional to the terminal voltage. 

The terminal voltage signal is then compared against a reference voltage to provide 

a voltage error signal input to the AVR. 
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The SPSS utilizes the variation in electrical power, AP, as input. The 

electrical power is derived from the Hall-effect watt transducer using the 

transformed terminal voltage and current. The output of the transducer is passed 

through the wash out circuit with the transfer function 

(s) 
5s 1.65s  

G = 
(1+5s) (l+l.65s) 

(5.2) 

to remove the steady state value and, is filtered through a low pass eighth-order 

Butterworth filter acting as an anti-aliasing filter. This signal is then sampled by 

the DAS. 

The control output signal from the SPSS is summed with the output of the 

AVR. The summation signal is then fed into the TCR and the exciter of the 

generator. 

5.3. Response Of A Conventional Stabilizer 

To evaluate the performance of the multiprocessor SPSS implementation, test 

results of a conventional stabilizer were obtained as reference. The conventional 

stabilizer has the transfer function 

V(S) - - 1  1.5s  1+0.3s  
100 1 + l.5s 1 + 0.06s (5.3) 

It was placed in parallel with the SPSS as shown in Fig.5.l. The stabilizing signal, 

A?, passed to both stabilizers, and a logic switch was used to select which control 
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output to be fed to the summing point with the AVR to form the exciter input. 

Three tests were performed: 

(1) 0.31 p.u. step increase in input power at a power factor of 1.0 and an active 

power of 0.17 p.u.; 

(2) 0.31 p.u. step decrease in input power at a power factor of 1.0 and an active 

power of 0.48 p.u; 

(3) three phase to ground short circuit with successful reclosure at a power factor 

of 0.95 leading and an active power of 0.5 p.u. 

The AP signal for these three tests on the conventional stabilizer is shown in 

Fig.5.2. These plots were obtained by switching off the SPSS through function 

keys and tracing the SPSS input signal using the :MMI. 

5.4. SPSS With Tuned Parameters 

Using the change system parameters option and the tracing feature provided 

by the MMI, an appropriate set of values was arrived alter a number of tuning 

cycles. The values are shown in Fig.5.3 and they are used as the initial default 

values. The same three tests were conducted when the SPSS was in operation. 

Utilizing the tracing feature, most system variables were plotted and they are 

shown in Fig.5.4, Fig.5.5 and Fig.5.6 for the respective tests. 

Fig.5.4a shows the plots of the input and output of the SPSS for Test (1). 

Comparing the Y plot of Fig.5.4a with Fig.5.2a, it is evident that the tuned SPSS 

gives better damping than the conventional stabiliier in this test. The plots of the 



58 

STC STARTUP CONSTANTS * 

initial P die. 

starting alpha 

lower alpha 

k factor = 

50.00000 

1.00000 

0.95000 

0.10000 

U gain = 0.10000 

voltage limit = 2.00000 

Y gain = 1.00000 

noise level = 0.10000 

lower larnda = 0.98000 

Fig.S.3 Tuned system parameters 



59 

input and output of the SPSS for Test (2) are shown in Fig.5.5a. The AP signal 

on Fig.5.5a shows a similar response as that of the conventional stabilizer in 

Fig,5,2b. These two tests confirm that the SPSS is able to operate consistently as 

the operating condition changes while the conventional stabilizer can only be tuned 

to an operating point. 

Fig.5.4b and Fig.5.5b give the plots of the pole shifting factor, cx, for Test (1) 

and (2) respectively. It can be seen that cx moves from its lower limit to a larger 

value whenever the control output saturates. As long as the control output stays at 

its limit, cx remains higher than its lower limit. This phenomenon agrees with the 

theory. 

The plots of forgetting factor, X, for Test (1) and (2) are shown in Fig.5.4c 

and Fig.5.5c respectively. At the onset of a disturbance, 2 drops slightly lower 

than 1.0 to force the identification algorithm to "forget" the pre-load change 

coefficients and to identify new coefficients. This change in coefficient values of 

A (z 1) and B (z 1) can be seen from Fig.5.4d and 5.4e for Test (1) and Fig.5.5d 

and 5.5e for Test (2). The change during this interval is small since 2 decreases 

by a small amount. After the load change, ? returns to 1.0 and the coefficient 

fluctuations cease in both tests. When the second oscillation occurs, the value of 2 

decreases again as shown in Fig.5.4c and Fig.5.5c. 

In response to the drop in 2, the identified coefficients change abruptly to a 

new level as shown in Fig.5.4d and 5.4e for Test (1) and Fig.5.5d and 5.5e for Test 

(2). Such sudden change is most evident for Test (1) since the fluctuation of 2 is 
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more in Test (1) than in Test (2). When the disturbance is over and the system 

reaches steady state, ?, fluctuates slightly for a short interval as seen from IFig.5.4c 

and Fig.5.5c. The fluctuation allows the identification algorithm to track the steady 

state coefficients for a new operating point. 

Fig.5.6a shows the plots of the input and output of the SPSS for Test (3). 

The EP signal in Fig.5.6a shows improved damping over the conventional 

stabilizer result in Fig.5.2c. Such improvement is another indication that the SPSS 

is capable of performing consistently without re-tuning as the operating condition 

varies. Fig.5.6b displays the variation of a for Test (3) and shows that a indeed 

changes when the control output saturates. The variation of X is shown in Fig.5.6c 

for the test and the identified coefficients are shown in Figs.5.6d and 5.6e. It can 

be seen that the identified coefficients of A (z') and B (z 1) change sharply when 2 

decreases at the occurrence of the short circuit fault. When the fault is cleared, 

returns to 1.0 and the coefficients settle to a new level, 

5.5. Effect Of K Factor 

To see the effect of K factor on the control output and a, the value of K was 

varied while other parameters were kept constant. Using the same set of system 

parameters as in Fig.5.3, tests were performed with two different K factors: (a) K = 

2.0; (b) K = 0.005. The results are presented in Fig.5.7 and Fig.5.8 respectively. 

With a K factor of 2.0, a fluctuates undesirably and moves to a value close to 

1.0 as seen from Fig.5.7b. This fluctuation causes oscillations in control output in 



61 

Fig.5.7a. When the K factor assumes a small value, 0.005, a varies smoothly and 

increases slightly from its lower limit as seen from Fig.5.8b. However, the control 

output saturates for a longer interval as shown in Fig.5.8a. In both cases, the 

results show deterioration of performance. 

5.6. Effect Of Lower a 

The lower a value was changed from 0.95 in Fig.5.3 to 0.9 to determine its 

effect. The response is shown in Fig.5.9. From Fig.5.9a, it is observed that the 

control output stays at its limit for a longer interval and correspondingly in 

Fig.5.9b a increases by a large amount from its lower limit during that interval. 

Comparing the Al' plot in Fig,5.9a with Fig.5.4a, it is clear that a lower value of a 

reduces the effectiveness of the SPSS. 

In Fig.5,9c, the plot of 2 displays similar features as in Fig.5,4c. That is, it 

drops to a lower value during the disturbance and when the system reaches steady 

state. However, 7 does not decrease as low as that in Fig.5.4c during the 

disturbance and the identified coefficients do not change as abruptly as seen from 

Fig.5.9d and 5.9e. 

5.7. Effect Of P Matrix Trace And Lower 2 

The multiprocessor SPSS implementation calculates the variable forgetting 

factor by employing a constant P matrix trace method. The value of the trace 

governs the rate at which the forgetting factor is allowed to vary. Increasing the 

initial P diagonal value in Fig.5.3 to 500.0, Test (1) was performed and the tracing 
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of the variables is presented in Fig.5.10. 

From Fig.5. lOa and Fig.5. lOc, it is clear that the forgetting factor drops below 

1.0 at the occurrence of a disturbance as expected. When the second oscillation 

starts, the large P matrix trace value allows 2.. to change to a small value. 

However, ? cannot go below its lower limit and as a result X is forced to remain at 

the lower X. Such a harsh limit on 7 conflicts with the calculation method and 

does not allow the identification algorithm to track the coefficients properly. The 

coefficients vary unpredictably as seen from Fig.5.l0d and 5.10e. The undesired 

variation causes the control output to oscillate. 

Keeping the initial P diagonal value at 500.0, the lower 2 is changed to 0.9 to 

alleviate the conflict. Fig.5.11 shows the response of variables for the same test. 

It is evident from Fig.5. lic that a lower limit on X seems to allow 2 to change 

according to the calculation method. Although the coefficients still vary 

tremendously as seen from Fig.5.11d and 5.11e, the control output does not 

oscillate and the damping is better than that obtained by increasing P diagonal 

value alone. 

5.8. Summary 

Experimental setup for testing the multiprocessor SPSS implementation is 

described in this chapter. Test results were obtained through the use of the new 

MMII. With features to alter system parameters and to trace important variables, 

the MIVIT enables the system designer to evaluate the effect of individual parameter. 
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Through graphical presentation of results, the interpretation task becomes easy and 

efficient. In summary, the MIMI proved to be an invaluable tool in the 

development and the evaluation of the SPSS. 
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CHAPTER 6 

CONCLUSIONS 

The objectives of the thesis were given in Chapter 1. The basic concepts of 

real-time digital control system and the development of the SPSS were introduced 

and reviewed in Chapters 2 and 3 respectively. Chapters 4 and 5 describe the 

work performed to achieve the thesis objectives. This chapter sums up the results 

and discusses how well the objectives have been met. Possible future work is 

suggested in the chapter. 

6.1. General Conclusions 

The main purpose of the thesis is to design and implement a development and 

analytic tool for the investigation and evaluation of the SPSS's performance and 

behavior. The MIMI designed in Chapter 4 meets the specification in the following 

ways: 

(1) Important variables relevant to the SPSS 's operation can be traced; 

(2) Numerical trace values can be plotted for easy interpretation; 

(3) Hard copies of plotting can be obtained for later reference and analysis; 
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(4) System parameters can be easily altered to examine the effect of individual 

parameter; 

(5) History feature in parameter selection process improves the productivity of the 

system designer; 

(6) Pictorial representation of the control system enhances the understanding of 

system operation. 

Additional features of the NM such as the usage of function keys and 

menu-driven dialogue enable the system designer to devote his attention on analytic 

work. Improvement and upgrading of the MIMI can be easily accomplished 

because of the employment of structured programming techniques. In fact, the 

Mfl has been modified slightly to suit the needs of two colleagues in the research 

group. Furthermore, the multiprocessor hardware system setup is being utilized in 

other related research projects. 

In addition to designing the MIMI, the thesis also implemented a new 

forgetting factor calculation method that keeps the trace of P matrix constant. The 

method resolves the problem of P matrix 'blow up' in the RLS identification 

algorithm. Further achievement as an indirect result of the MIMI as mentioned in 

Chapter 4 is the reduction in computation time required by both identification 

program and control program. This reduction allows true parallel processing of 

identification and control. 
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6.2. Future Work 

The MMI designed in this thesis provides a much needed tool for the 

development of the SPSS. Although it meets the objectives, further improvements 

are possible. One likely improvement is automatic tracing of variables at the onset 

of disturbances. In the present form, the designer has to turn on the tracing 

function manually before the application of any test disturbances. With auto-

tracing, the MMII can detect the occurrence of a disturbance and turn on the tracing 

function immediately. 

Another improvement comes in the form of multi-tasking in plotting variables. 

That is, all variables are plotted continuously and concurrently. The designer 

selects the plotting considered to be important as the main screen and changes it as 

desired. Additional graphics hardware capable of handling multiple windows is 

required for this feature. 

Since the computation speed is governed by the model order to be identified, 

with the reduction of execution time required by the identification program and the 

control program, it is worthwhile to investigate the possibility of increasing the 

model order of the generator input-output relationship. A more accurate model of 

the generator characteristics should improve the SPSS 's performance. 
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APPENDIX A 

On-line Recursive Least Squares Identification [33] 

A.1 Mathematical Derivation 

On-line real time recursive least squares (RLS) identification technique differs 

from the ordinary least squares one in the fact that it is able to track slowly time-

varying parameters closely. Assume that the system model for the single-input 

single-output system shown in Fig.A. 1 has the form 

A(z 1)y(k) = B(z 1)u(k), 

or 

y (k) = - a iY (k—i) - - ana y (k—na) 

+ b1u(k-1)+ + b,u (k—nb). 

By defining the parameter estimate vector as 

§T(k) = 

(A.1) 

(A,2) 

and the input/output vector as 

4)T(k) = {—y(k—l), ..., —y(k—na), u(k-1), ..., u(k—nb)] , (A.3) 

the estimate of the output can be obtained by 
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u(k)  system 
 - y(k) 

Fig. A.l A single-input single-output system 

9(k) = 4T(k)Ôk) (A.4) 

Then the prediction error is 

e (k) = y (k) -9 (k,) = y (k) - 4T (k) Ok). (A.5) 

Since the least squares technique works on the principle of minimizing the 

square of the error between the observed output and the estimated output, an error 

function is defined as 

k 
j = kj e2(i); 0 < 2 < 1, 

i=1 
(A.6) 

where 2. is known as the forgetting factor. It can be seen from equation A.6 that 

the function of the forgetting factor is to place heavier weight on more recent data 

and to discount older values. By minimizing the error function J, a set of recursive 
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equations is obtained 

Ô(k) = §(k-1) +K(k)[y(k) - T(k)O(k_l)] 

K(k) =  P(k-1)4(k)  
1 + T(k)P(k_1)(k) 

[I _K(k)4T(k)]P(k_1) 

where K (k) is the gain matrix and P (k) is the error covariance matrix. Using this 

set of equations, the parameter estimates are calculated at each iteration cycle to 

correct and update the existing estimates. 

A.2 Computation Steps 

At each identification cycle, the computation steps of RLS algorithm with 

constant P matrix trace method are as follows: 

(1) Compute output estimate and error. 

9 = 0.0 
na+nb 

9 = 4[ij ON 
1=1 

error = Ysample 

(2) Determine the square of the norm of 4. 

— Y 

I 10 1 12 = 0.0 

na+nb 

IIHI 2 = {i]O[i] 
i=1 

If JIJI 2<1.0,then IiIl2=1.0. 
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(3) Compute P[] [ ] and 4'T p[]. 

For i = 1,2, ,na+nb 

P4[i] = 

(4) Compute gain matrix K. 

na+nb 

j=1 
na+nb 

j=1 

P[i,j] Oul 

cft/] P[j,i] 

denominator = 11(j) 11 2 + na+nb j)[i] Pj)[i] 

na+nb 
K= 

1=1 

(5) Update estimate vector 0. 

i=1 

denominator 

For i = 1,2, ,na+nb 

0[i] = 0[i] + K[i] error 

(6) Calculate error covariance matrix, P, and trace of P. 

(7) 

trace = 0.0 

For i = 1,2, ,na+nb 

For j = 1,2, ,na+nb 

P[i,j] = P[i,j] - K[i]4P[fl 

trace = trace + P [i 'f ] 

Calculate forgetting factor X. 

trace  

trace (P0) 

If 2 < lower X, then 2 = lower X. 

IfA> 1.0, then X.= 1.0. 
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(8) Update P matrix. 

For I = 1,2, ,na+nb 

For j = 1,2, ,na+nb 

P[z • ,j •] -- P[i,j]  
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APPENDIX B 

Pole Shift Control Strategy [9] 

B.1 Mathematical Derivation 

The objective in pole shift (PS) control is to move the open-loop poles of a 

controlled system to obtain the closed-loop poles. The open-loop poles are shifted 

radially towards the origin of the unit circle in z-domain by a factor o. Consider 

the closed-loop system in Fig,B.1 having the system model, 

and the control law, 

y(k) - B(z 1)  U (k) +  C(z 1) e(k), 

- A(z 1) A(z 1) 

G(z 1)  
u(k) = , 

F(z1) y(k) 

where G (z 1) = g0 + g 1z 1 + + g,_1z ('') 

and F(z 1) = 1 +f 1z1 + +fflb_lz'' 1) 

Substituting B.2 into B.l, a closed-loop transfer function is obtained, 

(B.1) 

(B.2) 
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e(k)   
C (z') 

A(z 1) 

u (k) 

B(z 1  

A(z 1) 

G(z 1  

F(z 1) 

Figs B.l Block diagram of a closed-loop system 

y(k) -  C(z 1)F(z 1)  

e(k) - A(z 1)F(z 1) +B(z 1)G(z 1) 

The poles of the transfer function B.3 are located at 

A(z 1)F(z 1) +B(z 1)G(z 1) = 0 

y(k) 

(B.3) 

(B.4) 

Since the open-loop poles are located at A (z 1) = 0, petforming pole shifting gives 
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A (z 1) F (z 1) + B (z 1) C (z 1) = A (az 1) 

Expanding both sides of B.5 and comparing coefficients gives 

or 

1 0 0 b1 0 0 

a1 1 /1 

a1 1 . b1 0 

a, . a1 bnb  

o a, 0 b, 

bnb 

o o a, 0 0 0 bflb 

fl 

fnb-1 

90 

a1(a-1) 

ana (cz-1) 

0 

0 

(B.5) 

(B.6a) 

MZ=L. (B.6b) 

Since the coefficients of A (z 1) and B (z') are usually estimated by an 

identification method, solving B.6 yields the coefficients of F (z 1) and C (z 1) 

which can then be used to calculate the control output using B.2, i.e. 

or 

u(k) = [—u(k--1), ..., —u (k—nb+1), —y(k), ..., —y(k--na+1)J [Z] , (B.7a) 

u(k)=xT(k)Z . (B.7b) 

B.2 Computation Steps 

At each control cycle, the computation steps of the variable pole-shifting PS 

control strategy are as follows: 
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(1) Obtain the coefficients of A (z') and B (z 1) from estimate vector 0. 

For i = 1,2, ,na 

a[i] = 0[i] 

For i = 1,2, ,nb 

b[i] = 0[i+na] 

(2) Setup the matrices in equation B.6. 

(3) Solve matrix equation B.6 for Z and save M 1. 

Z =M 1L 

(4) Compute control output. 

na+nb-1 
U" = x[i]Z[i] 

i=1 

(5) Calcuate 

For i = 1,2, ,na 

L.  

For i = na+1, ,na+nb-1 

DL [i = 0.0 
Da 

(6) Calculate M 1 DL 
Da 

For i = 1,2,,na 

G[i] = na+nb-1 

j=1 

(7) Calculate sensitivity factor au 
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Du 

(8) Calculate a variation Aa. 

(9) Update a. 

na+nb-1 : x[i]G[i] 
i=1 

—1 11—auj 1K AU 
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APPENDIX C 

Structure Chart and Pseudocode For 

The Multiprocessor SPSS Software 

C.1 IDENT Program 

C.1.1 Structure Chart 

START 

ident main 

bus 
interrupt 
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C.L2 Pseudocode 

1*  

ident_main() 

disable interrupts 

initialize 8087 math unit 

1* 

*1 

off diagonals of P matrix = 0.0 
xvector[] = 0.0 
initialize sample buffer 

trace on = false 
ident_on = false 
access_samp = false 
ident done = true 

while (not ready) do 
wait 

endwhile 

copy diag. of P matrix from NM processor 
copy thetafl from NM processor 
copy lamda from MM[ processor 
copy alpha from MMI processor 

set interrupt vector 

enable interrutps 

while (true) do 
if (light off) then 

light on 
else light off 
endif 

endwhile 

identintr() 

*1 
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save 8087 status 

ident done = false 

copy new xvector from controller processor 
copy new u and y from controller processor 
copy new alpha from controller processor 

if (change_flag <> 00) then 

if (change lamda) then 
copy new lamda from MMI processor 

endif 

if (change theta) then 
copy new theta(6) from MLVII processor 

endif 

if (change_p) then 
copy new p diagonals from NM processor 

endif 

clear change_flag 

endif 

if (ident_flag) then 

call identification calculation 

update estimate for copying 

endif 

if (trace—flag) and (buffer not full) then 

trace_buffer[i++] = new theta[], alpha, lamda, u, y 

else if (not access_samp) then 

access_samp = true 

sample—buffer = new theta[J, alpha, lamda, u, y 
p_dia(6) = p matrix diagonal values 
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access_samp = false 

endif 

ident_done = true 

restore 8087 status 
signal end of interrupt 

1* *1 

identcalc() 

calculate y estimate using xvector[] and theta[] 

error = Ysamp - Yest 

calculate norm square of xvector 

calculate Px vector 

K(n) = Px / (norm sq + xvector * Px) 

theta[] = theta[] + K(n) * error 

T 
P[] = P[] - K * x * P[] 

lambda = trace P[] / (6 * P initial diagonal) 

PO = P[] / lambda 

1* *1 
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C.2 CNTRL Program 

C.2.1 Structure Chart 

START ) 

cntrlznain 

• timer 
interrupt 
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C.2.2 Pseudococle 

1* 

cntrl_main() 

disable interrupts 

initialize 8087 math unit 

initialize D/A converter 

initialize DAS 

1* 

U, y = 0.0 
xvector[] = 0.0 

cntrl_on = false 
start_change_alpha = true 

while (not ready) do 
wait for NM processor 

endwhile 

*1 

copy the following new values from MMI processor: 
alpha, lower alpha, k factor, u gain, voltage limit 
y gain, noise level 

set interrupt vectors 
set interrupt timer 

enable interrupts 

while (true) do 
if (light off) then light on 

else light off 
endwhile 

cntrlintr() 

save 8087 status 

*1 
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if (change_constants) then 
copy the following new values from NM processor: 

noise level, lower alpha, voltage limit 
u gain, k factor, y gain 

endif 

get y (input power) from DAS 

if (ident done) then 

get new theta[] from ident processor 
write u, y, alpha, xvector[] to ident processor 

send multibus interrupt to ident processor 

endif 

if (cntrl_fiag) then 

call controller calculation 

endif 

caic. random noise 

caic. and send out new control value 

update xvector for copying by ident processor 

restore 8087 status 
signal end of interrupt 

1* *1 

cntrl_calc() 

get a's & b's from theta[J 

solve for f's & g's using Cramer's rule 

compute control output 

if (start_change_alpha) then 
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if (alpha_count++ == 500) then 
alpha = alpha - 0.001 

endif 

if (alpha <= lower alpha) then 
start change alpha = false 

endif 

else 

calculate sensitivity factor 

compute delta alpha 

alpha = alpha + k factor * delta alpha 

endif 

1* *1 
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C.3 MM! Program 

C.3.1 Structure Chart 

constants graph 

plot_A 

mmi main 

command 
processor 

plot_B 

redraw 

draw stc 

theta 

plot_a 

hard— copy 

plot_i 
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C.3.2 Pseudocode 

1* */ 

mmi_main() 

initialize 8087 math unit 

mask off all interrupts 

ready = false 

initialize default constant values 

while (true) do 

initialize save constants to be default values 

change_flag = true 
ready = true 

initialize serial port and terminal 

draw pictorial representation 

invoke command processor procedure 

endwhile 

1* 

command_processor() 

ident_on, cntrl_on = false 
reset = false 

define function key labels 

while (reset = false) do 

if (get_char(ch) = true) then 

case ch of: 

*1 
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's': reset = true 

'g': if (ident_on) then 
invoke graph/trace routine 

'C': invoke change constant routine 

't': invoke change theta routine 

i': if (ident_on) then 
if (cntrl_on) then 

tell user to turn off cntrl first 
else ident_on = false 

else ident_on = true 

'c': if (cntrl_on) then 
cntrl_on = false 

else if (ident_on) then 
cntrl_on = true 

else tell user to turn on ident first 

endcase 

else update values on ste diagram 

endwhile 

ident_on, cntrl on = false; 

1* 

1* theta() is similar */ 
constant() 

define function key labels 

display constant list with current valuse 

quit = false 

while (quit = false) do 

highlight current line on screen 
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read char(ch) 

case ch of: 

'q': quit = true 

'C': invoke change_const() 

save current constant value into save array 

'r': recall save constants to current values 
display constant list 
change_flag = true 

'd': reall default constants to current values 
display constant list 
change_flag = true 

'n': move to next constant in the array 

'1': move to last constant in the array 

endcase 

endwhile 

restore screen to ste diagram 

1* 

graph() 

define function key labels 

clear and turn on graphics 

*1 

draw 2 main axis (y and u) 
setup parameters for plotting the samples of y & u 

trace_ptrin, trace_ptr_out = 0 
trace—on = true 
plot—on = true 
quit = false 
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while (quit = false) 

if (get_char(ch) = true) then 

case ch of: 

'q': quit = true 

't': reset trace buffer 

'p': if (plot on) then 
plot _on = false 
define function key labels 

else 
plot _on = true 
define function key labels 

endif 

'w': get new window size 
setup parameter for plotting samples of y & u 
reset trace buffer 

'r': redraw plotting of y & u 

'c': make hard copy of current plotting on screen 

'A': plot sample values of A parameters 

'B': plot sample vaues of B parameters 

'a': plot alpha 

'1': plot larnda 

endcase 

else if (plot—on) then 

update plotting of y & u 

store other parameters A, B, alpha, lambda 
into window buffer 

endif 
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endwhile 

trace—on = false 

restore stc diagram 

1* *1 


