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ABSTRACT 

The non-availability of a technique to handle all nonlinear problems ne

cessitates a multitude of techniques be attempted to facilitate the solution for a 

particular problem. This dissertation investigates the development of advanced de

sign techniques for nonlinear controllers and observers for a synchronous generator. 

The primary objective of the control system in this application is to asymptotically 

track the nominal terminal voltage and frequency, and to improve the stability and 

dynamic performance in the presence of both small and large disturbances. New 

schemes for designing nonlinear controllers and observers for the synchronous gen

erator are introduced using the concepts and methods from differential geometry 

and neural network theory. 

Nonlinear transformation using differential geometry methods is a promis

ing approach to the control of nonlinear systems. The differential geometry-based 

nonlinear controllers are developed for the synchronous generator and these control 

schemes are tested on different order models. The initial controller design is con

ducted based on a nominal load consideration. Later, on-line stabilization which 

consists of updating the controller parameters is conducted to compensate for the 

load variations. 

Differential geometry concepts are use to develop a new nonlinear observer 

for a synchronous generator that has the ability to handle large transients. The 

investigation also includes other kinds of nonlinear observers and compares them 

with their linear counterparts for different fault clearing times. A software program 

using symbolic manipulations is developed to design a nonlinear observer for both 

single and multi-output models of the synchronous generator. 

Neural networks provide a solution to interesting identification and control 

problems. Their parallel nature assures a fast adaptation to the system under 

control. A new control scheme is developed to adaptively control the frequency 

and voltage of a synchronous generator using neural networks. Dynamic neural 

networks whose parameters are identified via a supervised learning procedure are 
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used as approximators to the nonlinear map gIven by the system input-output 

data. The trained neural network is then used for the design of the adaptive 

control scheme. 

The performance of these newly developed controller and observer schemes 

are ex:amined in detail for several different cases. It is shown that the present

ly designed controllers and the observer provide an improved performance when 

compared with the existing design procedures. 
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CHAPTER 1 

INTRODUCTION 

1.1 Need for Control of Power Systems 

We live in a marketing age. A typical inefficiently controlled power source is 

non-marketable. A typical electrical power system consists of an electrical genera

tor and electrical loads connected to grids consisting of transformers, transmission 

lines, buses (nodes), and control equipment. A given AC power system needs to be 

maintained at a "constant" frequency, and therefore all connected AC generators 

have to be in synchronous performance. Loads on the power system usually depend 

on the users. Generated power has to be allocated among the connected generators 

and must be controlled to follow the time-varying loads. Even as the power flow 

varies, voltage magnitudes at various points in a power grid must be maintained 

near preassigned levels. 

As such, power system control is needed to maintain a constant frequency 

(this is achieved if the change in speed is no more than 4% ), constant voltage 

(accomplished when the voltage variations are within ±5% ) and synchronism of 

generators during transient conditions. Whenever there is a marked deviation in 

system frequency it is concluded that the active load and active generation are 

unbalanced. This deviation is used as the control signal to restore balance. On 

the other hand, a deviation in the terminal voltage denotes a lack of equilibrium 

between the load and the generated reactive power. This deviation, once again, is 

used to retain balance of reactive power. During transient conditions caused by 

either external disturbances (lightening strikes, wind, etc) or internal disturbances 

(random load variations), the main concern is to maintain stability by keeping 

the generator in synchronism with the power system. Once synchronism has been 

achieved, the generator would be brought back to its normal state of operation. 

Under transient conditions, one may expect a high degree of nonlinear behavior of 

the system. 



19 

1.2 Current Problems in the Control of Power Systems 

In the present-day control of power systems, a number of specific problems 

are attaining a higher degree of importance than in the past. Some of these are 

the following: 

(1) Modern electric power systems have grown in complexity due to increased 

interconnections, the installation of large generating units (high per unit 

val ue of reactance) and extra high voltage tie lines. These tend to decrease 

the system stability margins. Also, people have recently been noticing that 

in some cases the use of an automatic voltage regulator (AVR) may lead to 

transient instability under certain loading conditions. 

(2) Because of unpredictable disturbances and high nonlinearities in the dynam

ics of power systems, control strategies that can be obtained using linear 

system theory become inapplicable. On the other hand, methods that take 

into account the nonlinear functions present are generally quite complex. 

Simpler methods that permit on-line control implementations are needed. 

(3) Large power stations have been constructed in locations remote from load 

centers. The maximum power transfer limit over transmission lines is deter

mined by transient stability considerations. 

(4) Another important problem is related to the fact that some states cannot 

be measured directly. Thus, an observer is needed. A linear observer gives 

poor results in estimating the states under transient conditions, resulting in 

large deviations between the real state vector and the observer state vector. 

1.3 Design of Nonlinear Multivariable Controllers 

The main difficulty in the design of power system controls arises from the 

nonlinear dynamics of these systems. In practice, disturbances which are either too 

large or sudden (due to load changes or faults), usually cause a change in the system 

parameters which in turn results in a change of the equilibrium. Hence the design 

of a controller or an observer using a linearized model at a certain equilibrium point 

could result in a poor performance. It is hence of interest to design a nonlinear 

controller and observer which could improve the stability for both large and small 
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perturbations as well as the dynamic performance. However, such designs of non

linear controllers and observers are expected to be considerably complicated and 

not easily implement able. As will be shown in this dissertation, using either princi

ples of differential geometry with the help of MACSYMA (a language for SYmbolic 

MAnipulation developed under project MAC at MIT) or a neural network which 

can execute parallel computation, it is possible to design a nonlinear controller and 

an observer that can provide desirable performance features. 

The overall control of power systems ranges from the control of mechanical 

power sources (hydro, thermal, nuclear, etc ... ) to the control of electrical genera

tors, network connections, and various devices attached to the grid to help maintain 

frequency, power balance, voltage levels, and system stability. The generator con

trol is considered the first line of defense in maintaining system stability. It has 

response times in the fraction of a second range. Due to its importance, sophisti

cated methods for the design of generator control mechanisms often become very 

necessary. This dissertation focuses on the development of such methods. 

Traditionally, designing controllers for power systems is divided into two 

separate control problems, excitation-control and governor control, whose designs 

are carried out independently. 'While designing excitation controllers or automatic 

voltage regulators (AVR), the mechanical torque input is assumed to be constant. 

AVR's are used to maintain constant voltage output. On the other hand, the design 

of governor controllers or turbine controllers is conducted by assuming constant flux 

linkage. The primary objective of a governor controller is to regulate the power

frequency. Although independently designed excitation controllers and governor 

controllers are commonly employed in the industry, an integrated controller design 

(which leads to a multivariable controller) based on the complete model of the 

generator is worth looking into due to the more efficient performance it can deliver. 

However, in designing an integrated controller, one should expect the problem to 

become more complex due to the increased order and additional nonlinearities to 

be accounted for. 
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Controllers for synchronous generators exist in various categories. There are 

controllers which: 

(1) are exclusively concerned with governor control; 

(2) consider excitation control only; . 

(3) aim to coordinate the excitation control and the governor control; 

(4) are involved with the control of transient states only; 

(5) maintain turbine control and lor excitation control systems and add addi

tional control signals via the so-called power system stabilizer (pss); 

(6) replace the independently designed excitation control and the governor con

trol by a multivariable controller. 

This dissertation will mainly deal with the development of multivariable con

trol strategies which replace the independently designed excitation and governor 

(or turbine) controls. At appropriate places, we will also consider the independent 

design of a governor controller to illustrate the single-input case. In the case of the 

multivariable nonlinear controller, a constant frequency and a stable voltage would 

be achieved quit,e rapidly for both small and large perturbations. By considering a 

single-input model for the generator, we will also discuss the design of an observer 

and a governor control mechanism in order to illustrate how to handle speed devia

tions during transient conditions and to improve the overall dynamic performance 

of the generator. 

1.4 Earlier and Contemporary Approaches: 

(1) Excitation Control (AVR): 

The principal objective of excitation control or the automatic voltage reg

ulator (AVR) is to maintain the generated voltage close to the desired value in 

the presence of changes in operating conditions and system loads. Modern gener

ator excitation control methods due to Kelly and Rahim (1971) and Rahim et al 

., (1973) result in control strategies which are of a bang-bang nature and which 

can be used for stabilizing a single-machine/infinite-bus system under certain fault 
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conditions. Harley et al., (1985) have proposed the use of an improved supple

mentary excitation control which is applied during fault conditions and consists 

of switching velocity and acceleration signals into the control action at appropri

ate instants. Lim and Elangavon (1985) have studied the effects of supplementary 

excitation controls (pss) in multimachine power systems. They have determined 

that the eigenvalues of the system are affected by the power system stabilizer pa

rameters of all machines. Seifi et al., (1990) have devised a controller based on a 

bang-bang pole shifting approach and a second-order predictive model, which is a 

self-adaptive power system stabilizer. The outcome is a highly effective aid to sys

tem damping at a low computational cost. Huang and Hsu (1990) have developed 

a new approach using output feedback with the pole shifting assignment for the 

AVR. It should be mentioned that other alternative procedures such as transformer 

tap changes and static capacitor adjustments are also used in practice for voltage 

regulation. 

(2) Adaptive Excitation Control: 

The underlying philosophy behind this control is the changing of the con

troller parameters based on the changes in the system operating conditions. Irving 

et al., (1979) have described a Model Reference Adaptive Control (MRAC) for gen

erator voltage regulation based on maintaining an unconditionally stable adaptive 

loop using hyperstability theory. The reference model is of a series- parallel na

ture to diminish the effects of sudden unmeasurable disturbances. Ledwich (1979) 

gave a simulation of adaptive excitation control of synchronous generators using 

self-tuning control (STC) and a form of minimum variance control. Ghosh et al., 

(1984) have summarized the features of model reference adaptive control, and four 

versions of self-tuning control. Kanniah et al., (1984 I,U) used a STC approach 

for the excitation control of synchronous generators. They have suggested a dual

rate sampling model to alleviate the problem that arises as a conflict between the 

small sampling interval necessary to accurately track the dynamics and the large 

computation time required by the process computer. Ghosh et al., (1985) have 
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expanded on the pole shifting self-tuner of their previous paper. Xia and Hey

dt (1983) and Romero and Heydt (1985) have developed an STC approach for a 

generator connected to an infinite bus through a long transmission line. 

(3) Load-Frequency Control: 

This form of control aims to maintain a desired megawatt output of a gen

erator unit and to assist in controlling the frequency (speed) of the larger intercon

nected system. Elgerd (1981) and Wood and Wollenberg (1984) have observed that 

this problem can be based on the tie-line bias control concept where the control 

input to be used is the integral of the area control error (ACE). Abdulla (1986) 

has suggested some new techniques for designing load-frequency control systems 

through the use of singular perturbation and variable structure approaches. Sasa

ki et al., (1988) have proposed a decentralized suboptimal LFC system based on 

linear optimal control theory in order to realize a more advanced LFC. 

(4) Adaptive Load-Frequency Control: 

Kanniah et al., (1984) have developed a self-tuning algorithm for the load

frequency control using a least-squares approach for parameter identification. 

Sheirah and Abd-El-Fattah (1984) have proposed an improved two-way adaptive 

load- frequency controller. The adaptive control developed in this paper is based 

not only on the STC 'of the area control error, but also on an adaptive strategy 

of changing ACE by dynamically changing the relative weights on the two terms 

that are summed to form ACE. The proposed regulator can be easily implement

ed using microprocessors. Vajk et al., (1984) have presented a comprehensive 

approach to load-frequency control which they applied to the Hungarian power 

system. Agathokis and Hamza (1985) have given a comparison of three algorithms 

for load-frequency control which are based on the use of ACE, composed of the area 

frequency error and the total tie-line power deviation for the area as the regulator 

input variable. Pan and Liaw (1989) have presented a PI (proportional + integral) 

adaptive controller for the load-frequency control of power systems. They did not 

need any explicit parameter identification to satisfy the underlying hyperstability 
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condition. The only parameters they have used in their procedure are the available 

information of the states and the output of the model as well as the plant output. 

(5) Direct Methods: 

Some hopes for managing to cope with the real-time control problem can 

be seen in the direct methods for studying the dynamics of large-scale electric 

power systems. These methods involve the use of Lyapunov functions or an energy 

function to find stability boundaries without having to directly solve the coupled 

nonlinear differential equations. Two recent surveys by Bose et al., (1984) and 

Ribbens and Evane (1985) provide a clear picture of the state of the art in this 

field. Fouad et al., (1984) have considered extensions of the Lyapunov approach 

and employed critical energy concepts. In their work on large power networks, 

Fouad et al. (1987) have used the direct Transient Energy Function, (TEF) method 

to analyze some real-world networks. They were able to determine the degree of 

stability. Moreover, the TEF method gave both improved reliability of convergence 

to a solution and an improved speed of solution. Othman and Pai (1988) have 

developed an algorithm for decoupling the system dynamics and then studying 

independent stability problems in the different subspaces. Fouad et al. (1989) 

have worked on the direct transient stability assessment with excitation control for 

large power stations. They have investigated the use of the critical value of the TEF 

in the transient stability assessment.. VittI et al. (1989) developed a procedure to 

determine the stable equilibrium point with the incorporation of a nonlinear load. 

The TEF was also modified to reflect the effects of the nonlinear loads. 

Despite the extensive studies conducted, the previous approaches suffer from 

many problems. One of the most important drawbacks is that they neglect the 

transfer conductances for the sake of reduction in model complexity. In addition, 

simplified machine methods consider the electromotive force and the mechanical 

output as constants. Moreover, several of these methods increase the complexity of 

the model by having to actually integrate the fault-on system equations. Finally, 

one other major drawback is that the criterion used is only a sufficient one, i.e., if 
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the operating point is outside the estimated stability region, nothing can be said 

about the stability or the instability of the system. 

(6) Variable Structure Controls: 

In the quest for ensuring robustness, several researchers have followed an 

approach that could be termed "Variable Structure Controls." This method usu

ally uses a sliding mode motion along a switching surface, and the control actions 

usually take a bang-bang form if not smoothed by equivalent continuous control

s. Chan and Hsu (1983) have investigated the application of variable structure 

controls to a power system stabilizer used with excitation control and have given 

simulation results for a single machine and three machine systems connected to an 

infinity bus. Sivaramakrishran et al., (1984), Kumer et al., (1985) and Abdulla 

(1986) have suggested the use of variable structure controllers in the conventional 

load-frequency control. Before implementing a variable structure control in power 

generation, one has to be very careful because of the undesirable effects it gener

ates resulting in equipment fatigue and the excitation of undesirable system modes. 

Ivloreover, it is statistically known that most generators and transformers fail due 

to high frequency oscillations which may burn the insulation inside those machines. 

1.5 Contributions of the Dissertation 

Against the backdrop of the existing literature described above, the principal 

contributions of this dissertation can be stated as follows. 

1. Contributions to the Modelling of Power Systems: 

New state space models are developed which are appropriate for the design 

of nonlinear controllers and nonlinear observers. In the process of modelling, the 

nonlinearities present in the actual machine to be controlled are retained, i.e. no 

simplifying approximations for the nonlinear effects are used. The explicit deriva

tions of the nonlinear system model without any simplifying assumptions are of 

significant value in view of the fact that the commonly available models in the 

literature are based on very restrictive assumptions which attempt to avoid the 

inclusion of nonlinearities in the model. 
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The specific contributions to the modelling of the nonlinear system to serve 

as a vehicle for the design of controllers and observers can be identified as follows: 

(a) Model for Controller Design: 

The nonlinear model derived in this dissertation is very close to real life 

situations, especially when compared to previous models that rely on linearization. 

The models that will be used later for controller design will be developed through 

the derivation of a nonlinear system of equations for the synchronous generator 

using Park's transformation and take the form of multi-input models ranging from 

7th to 3rd order, and a single input 3rd order model. 

(b) Model for Observer Design: 

The nonlinear model developed in Chapter 2 and used later for observer 

design, has two major attractive features: 

* A guaranteed stable behavior. 

* Robustness to fault conditions. 

The model is derived such that the nonlinearities of the system are functions 

of the output. The stability of the observer based on this model can be determined 

by a simple check on the rank of the system without requiring to solve the detailed 

differential equations for the complete model. It should be emphasized that the 

complete dynamics of the system are accounted for in the model which makes the 

observer more responsive to any large disturbances in the network. Inclusion of 

the nonlinear dynamics in the generator model makes the observer very responsive 

even under transient and fault conditions. 

2. Contributions to Design: 

(a.) Controller Design using Differential Geometry: 

A new scheme for designing a nonlinear controller for the synchronous gen

erator is introduced in Chapter 3. The controller is designed under a specified 

nominal load condition. The overall controlled system consists of four components; 

a transformed linear system, the regulator, a transformation scheme, and the orig

inal nonlinear system. The transformation scheme is the most crucial step in the 
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nonlinear controller design. It is an integration of several transformation methods 

which can be represented as logical blocks. At each block, a set of necessary and 

sufficient conditions are checked for a required nonlinear transformation. If the con

ditions are satisfied at a given level, a suitable transformation can be applied. The 

process proceeds in the direction of increasing level of complexity of the system. 

As it progresses, it carries with it an added number of constraints on the system. 

However, in practice, a controller designed at a single specified load condition 

does not serve our purpose because of load variations. Hence, the design of an on

line nonlinear controller for the synchronous generator is carried out. It consists of 

the controller design procedure discussed earlier together with an additional step to 

update the rotor angle and the field flux, which change with the load on the network. 

Thus: the transformation values are computed on-line to enable the controller to 

take into account the variations in the load. These on-line computations, in turn, 

provide the system with higher safety measures in the cases of large disturbances 

imposed upon it. 

(b.) Observer Design using Differential Geometry: 

Observers which include the nonlinearities present in the plant dynamics 

are very effective in obtaining an acceptable transient state estimation. Chapter 5 

recommends a canonical nonlinear observer whose design is based on differential 

geometry concepts. The canonical transformation in the present design exhibits 

some advantages over the other nonlinear observer design procedures existing in 

the literature. It provides faster convergence of the observed states towards the true 

states, smaller errors between the true state vector and the observer state vector in 

the transient phase, less computation, and the flexibility offered in the satisfaction 

of a set of less restrictive conditions. Added to that is the characteristic that the 

above criteria are valid for both single- and multi-output nonlinear systems. 

In order to accomplish this, a program to construct a canonical nonlinear 

observer for single-output and multi-output systems is presented. The program uses 

symbolic manipulation. The language MACSYMA has been selected as a basis for 

its development. The program will help the user, especially the one who may not 
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be an expert in differential geometry, and will reduce the amount of complexity of 

the design problem. 

(c.) Design of a Neural Network-based Controller: 

New control schemes are developed for the excitation and governor control 

of a synchronous generator using neural networks. The scheme consists of two 

major steps: identification of plant dynamics and the design of an adaptive control. 

Dynamic neural networks whose parameters are identified via a supervised learning 

procedure are used as approximators to the nonlinear map given by the system 

input-output data. A three-layer neural network architecture is employed to obtain 

the nonlinear input-output mapping. The trained neural network, obtained through 

the identification step, is then used for the design of the control scheme. New 

schemes for designing a nonlinear multivariable control and a single input control 

for a turbogenerator using a recurrent neural network are developed so that the 

nominal terminal voltage and frequency can be asymptotically tracked under load 

and fault variations. It should be emphasized that the efficiency of the neural 

network-based controller design lies in providing a rapid damping of the rotor 

angle oscillation which results in a faster settling time. 

1.6 An Overview of the Dissertation 

A brief outline of the contents of this dissertation can be given as follows. In 

Chapter 2, nonlinear models of different orders of complexity for the synchronous 

generator will be developed using Park's transformation. Mainly two types of mod

els will be derived. The first one gives a multi-input system representation and is 

useful for the design of integrated excitation and governor controllers. The second 

one is useful for the design of a governor controller and an observer to illustrate 

the single-input cases. These models will serve as the vehicles to demonstrate the 

detailed development in the subsequent parts of the dissertation. 

In Chapter 3, some fundamental notions from differential geometry will be 

introduced. The differential geometry approach is advantageous over the other 

methods, which make use of only sufficient conditions, in that it provides a set 
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of necessary and sufficient conditions for the required nonlinear transformations. 

Methods to calculate the required transformations will be outlined for both the 

single-input and the multi-input case. After that, a systematic procedure for the 

design of a nonlinear controller will be given and the calculations will be done 

first by hand to give a feel for the successive steps and to show how tedious hand 

calculations are. Following this, the employment of a computer to perform this 

work and the application of a reduced order controller on higher order models will 

be illustrated. Finally, on-line control of generation will be discussed. 

In Chapter 4, the design of a nonlinear observer for a synchronous generator 

will be investigated. Three different types of nonlinear observers will be introduced 

anci implemented for the single-output and multi-output synchronous generator 

models, and their performance 'will be compared with the classical linearized ob

server model. Moreover, the advantages of using a nonlinear observer designed using 

differential geometry over the use of other nonlinear observers will be outlined. 

In Chapter 5, a neural network-based technique will be presented for the 

control of a synchronous generator. Implementations of neural networks to provide 

appropriate control actions for the synchronous generator will be shown through 

their nonlinear mapping properties. An explanation of how a multilayer recurrent 

dynamic neural network learns to identify the nonlinearities of the synchronous 

generator will be given. After identification, the trained neural network will be used 

to adaptively control the excitation and the governor for the generator. Simulations 

of the performance of the identification and the control schemes are studied and a 

detailed quantitative performance evaluati:m is conducted. 

In the last chapter (Chapter 6 ), the motivations, goals, and the major results 

of the present dissertation will be summarized and discussed. The two distinct 

nonlinear control design methods discussed in Chapters 3 and 5 will be compared. 

Finally, some suggestions for future work in the design of nonlinear controllers and 

observers for a synchronous generator will be outlined. 
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CHAPTER 2 

NONLINEAR MODELS FOR A SYNCHRONOUS GENERATOR 

2.1 List of Principal Symbols 

6 rotor angle 

Z f field current 

Zd, Zq stator current in d and q axis circuits, respectively 

Zkd, Zkq damper circuit currents in d and q axes, respectively 

E EMF of synchronous generator 

Urn busbar voltage 

U J field volta.ge 

Vtd, Vtq direct a.nd quadrature terminal voltage 

Vt machine terminal voltage 

Pg Active power delivered at machine terminals 

Qg reactive power delivered at machine terminals 

ll'fe electrical torque 

.~11 generator shaft( mechanical) torque 

H inertia constant 

XI transmission line reactance 

RI transmission line resistance 

X tr transformer reactance 

R tr transformer resistance 

R J field resistance 

Ra armature resistance 

Rkcl, Rkq damper resistances in d and q axes respectively 

1/Y flux linkages 

1/Ycl,1/Yq flux linkages in d and q axes respectively 

1/Ykcl,1/Ykg flux linkages in d and q axes respectively from damper windings 

Xci armature leakage reactance d axis 

Xq armature leakage reactance q axis 



-:'<ad 

Xaq 

Xkd,Xkq 

X' d 

field leakage reactance 

direct-axis mutual magnetizing reactance 

quadrature-axis mutual magnetizing reactance 

self-reactances of d axis and q axis dam~er circuits 

d-axis transient reactance 

angular frequency of infinite busbar 

Ps steam power input to turbine 

]( constant damping factor 

2.2 Introduction 
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This chapter is mainly concerned with the development of nonlinear mathe

matical models which adequately describe the behavior of a synchronous generator 

under steady-state and transient conditions. Generators are the largest power 

sources of an electric network and usually have two or four poles around rotors. 

Fig. (2-1) shows the basic design of a two pole synchronous turbogenerator. The 

term direct, or d-a.xis, is used to refer to the magnetic axis of the rotor field winding 

as identified ill Fig. (2-1). Perpendicular to the d-axis is the q'uadrat'ure, or q-axis. 

The rotor contains p belts (p=2 in Fig. (2-1)) in which are placed the field-winding 

conductors. The field winding is energized from a controllable dc excitation source. 

The stator winding, or armature, is placed in equidistant slots which are located 

around the total inner stator surface (only the slots belonging to phase a are shown 

in Fig. (2-1)). 

The armature is divided into three identical phase windings which are placed 

m 3p phnse belts. cach of which spans 120/p degrees of the stator surface. The 

three identical phasf' windings are interconnected to form a"generator neutral" 

which normally is grounded. In addition to the field and armature windings de

scribed above, all synchronous generators are provided with rotor damper wind

ings, consisting of short- circuited cages normally situated in the same slots as the 

field windings. Damper windings are idle under normal balanced operation but go 

automatically into operation during transients. 
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Fig. (2-1): Design details of three-phase synchronous generator. 
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2.3 Basic Nonlinear Equations for Modelling a Synchronous Generator 

The research reported in this dissertation is concerned with the control of 

a single synchronous generator unit connected to a large power system through a 

transformer and transmission lines. A great degree of simplification in the repre

sentation of the dynamics of synchronous machines can be obtained by expressing 

the equations in a new reference frame and introducing certain fictitious currents 

and voltages which are different from, but are related to, the actual ones. The 

fictitious currents can have a physical meaning in that they can be considered to 

flow in fictitious windings along two axes at right angles, called the direct and 

quadrature axes. In this way a 'two-axis theory' for AC machines was developed. 

A very valuable contribution to the subject was made by Park in a set of papers 

(1928, 1929, 1933). These papers not only develop the general two-axis equations 

of synchronous machines, but also indicate how these equations can be applied to 

many important practical problems. These equations are developed by defining a 

new set of stator variables such as currents, voltages, or flux linkages in terms of 

the actual winding variables. The new quantities are obtained from the projection 

of the actual variables along the direct and quadrature axes. Our interest in this 

section is to derive the equations for a nonlinear model that would be suitable for 

studying the effects of both large and small disturbances. Two types of models will 

be developed. The first model corresponds to a multi-input system and is useful 

for the design of an integrated excitation and governor control scheme, whereas the 

second yields a single-input system which will be used in the design of a controller 

and an observer for handling the governor control problem. 

The fundamental variable for the model development is the position Or of 

the reference axis at any instant which is given by 

(2.3.1) 

where Wo is the angular frequency of the machine. In terms of W o , the rotor position, 

speed, and slip are respectively, 

(2.3.2) 



W = Wo + 8 

where 8 is the rotor angle. 

2.3.1 The Torque Equation 
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(2.3.3) 

(2.3.4) 

Since the machine under study is a generator, the driving torque !lIt is 

mechanical and the retarding or load torque !lIe is electrical. Thus, the difference 

between the mechanical torque, M t , and the electrical torque, Me, will give the 

accelerating torque, !lla. The equations that define these torques respectively are: 

. ?H .. 
1'vlt = lIIIe +](8 + ~ . {) 

Wo 
(2.3.5 ) 

(2.3.6 ) 

where ]{ is the constant damping factor, H is the inertia constant, 7/Jd and V'q are 

the flux linkages in the d and the q axes respectively, and iq and id are the stator 

currents in the d and the q axes respectively. It may be noted that wo!l1/ gives a 

measure of the input powerPo < which hence provides a mechanism for monitoring 

the torque. 

2.3.2 Voltage Equations 

The magnetic equation characterizing any circuit that involves currents and 

magnetic fluxes can be written in the form: 

u = -Ri+J. (2.3.7) 

where u are the voltages induced by the magnetic fluxes '1/-', R are the resistances 

connected in series and i are the currents induced by the fluxes into the windings. 

The fluxes, V', depend on the inductions of the windings L( 0) (which in turn depend 

on 0) and the currents in the windings, i, according to the relation 

'It, = L(O).i (2.3.8) 
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Substituting equation (2.3.8) in equation (2.3.7), we obtain 

R " L(e) di dL( e) " U= - 1+ - +--1 
dt dt 

(2.3.9) 

The last term on the R.H.S of equation (2.3.9) depends on the motion of the coils 

relative to each other. For this reason ,the terminology "speed voltage" is used 

for this term. 

The universally used Park's transformation provides a good simplification 

to the stator quantities. Very simply, it defines a new set of stator variables such 

as currents, voltages, or flux linkages in terms of the actual winding variables 

(Anderson and Fouad 1977). Applying Park's transformation to equation (2.3.9) 

(see Appendix B), the armature voltage equations can be written as 

. . 
WoUd = ¢d - Wo¢q - woRtid - ¢qb (2.3.10) 

. . 
wou q = Wo¢d + ¢q - woRtiq + ¢d b (2.3.11) 

where Ud and U q are the armature voltages in the d and the q axes respective

ly and R t is the total resistance of the armature, the transmission line, and the 

transformcr. 

The voltage ill phase a (see Fig. (2-1)) of a balanced three-phase system is 

given by 

Ua = U m sinwot = -Um sin 0 cos e + U m cos 0 sin () (2.3.12) 

where U m is the busbar voltage. 

The transformation relating the voltage in phase a to the voltages Ud and 

U q IS 

U m = U d cos () + U q sin e . (2.3.13) 

Hence 

Ud = Um sin 0, u q = U m cos 0 . (2.3.14) 

Substituting the expressions (2.3.14) in equations (2.3.10) and (2.3.11) we get 

. . 
1I 11I u-'0 sino = 'l/Jd - WoV-)q - woRtid -1/JqfJ (2.3.15) 
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. . 
UmWo cos 0 = Wo1/;d + 1/;q - woRti q + lPdO (2.3.16) 

The rotor voltage equations are: 

(2.3.17) 

(2.3.18) 

(2.3.19) 

where Rkd and Rkq are the damper resistances in the d and the q axes respectively 

and R 1 is the field resistance. 

2.3.3 Flux Linkage Equations 

The currents are related to the fluxes by two sets of linear equations 

-Xad 
-(Xd +Xt) 

-Xad 

(2.3.20) 

where Xd amI Xq are the armature leakage reactances in the d and the q axes 

respectively, Xad and Xaq are the mutual magnetizing reactances in the d and the 

q axes respectively, X kd and X kq are the self-reactances in the d and the q axes of 

the damper circuits and X t is the total reactance of the transmission line and the 

transformer. 

Later on in our discussion we will be needing to express the current in terms 

of the flux and in order to explain this relationship, a simple inversion of the flux 

linkage matrices in equation (2.3.20) gives the currents in terms of the fluxes as 

ZI Y1d -Y4 d -Y5 d 0 0 1/;1 
Zd Y1d -Y2 d Y 6 d 0 0 'l/Jd 

lkd -Y5d -Y'6d Y3d 0 0 'lj'kd (2.3.21 ) 

Z'I 0 0 0 -Y1q Y 3q 1Pq 

I k', 0 0 0 -Y3" Y2" 1j'k" 
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2.3.4 Terminal Voltage and Power Formulas 

The output of the synchronous generator can be described by the terminal 

voltage and the power components. The phasor diagram of Fig. (2-2) illustrates the 

relationship between the currents and the voltages in the direct and the quadrature 

axes of the generator. In this diagram, it is necessary to note the importance of the 

two phase angles ¢ and 8 for the following work. The angle ¢ denotes the phase 

difference between the terminal phase voltage v and the phase current i. The angle 

8 between E (EMF) and Urn is called the power angle and is defined to be positive 

when E leads Urn. 

From the diagram of Fig. (2-2), we can express the terminal voltage Vt as 

(2.3.22) 

To find the power formulas for the generator, it is useful to start with the well

known formula for complex power 

Assuming R t 

following 

Also 

and 

Since, 

(2.3.23) 

o and from the phasor diagram in Fig. (2-2), we can write the 

IIEII- id(Xd + Xt} = lIu rn II cos 8 

iq(Xq + Xt) = II Urn II sin8 

iq = Ilill cos,B 

id = Ilill sin,B 

¢=,B-8 . 

cos ¢ = cos(,B - 8) = cos,B cos 8 + sin,B sin 8 

(2.3.24) 

(2.3.25 ) 
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d 

iq Vtq E 
q 

jXqiq 

id 

jXdiq 

jXt iq 

jXtid Rtiq 

Fig. (2-2) : Phasor diagram for the currents and voltages of the generator 



sin ¢ = sin(,B - b) = sin f3 cos b - cos,B sin b , 

multiplying by lJilJ and substituting in equation (2.3.25) we get 

lIill cos¢ = iq cosb + id sinb 

Ilill sin ¢ = id cos b - iq sin b 
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(2.3.26) 

(2.3.27) 

Using equations (2.3.24) and (2.3.27) in (2.3.23), one obtains the formulae for the 

real and reactive powers for the generator as, 

1 ). ')_ 
X X smj) 

q + ... t 

(2.3.28) 

2.4 Multi-input Models for the Synchronous Generator 

The problem of developing a multi-input state-space model for the syn

chronous generator will be dealt with in this section. Although the po\ver system 

in Fig. (2-3) includes a generator together with a transformer and transmission 

lines, in this dissertation we will be focussing only on the generator for desgine 

controllers and observers. Hence we will only develop a model for the generator; 

however, the effects of the connecting transformer and transmission lines will be 

included in this model. The state variables can be selected in many possible ways. 

The choice of the flux linkage functions as state variables leads directly to the for

mulation of the state-space equations, since the equation for each coil contains only 

the derivative of the flux linking it. Let us make the following selection of state 

variables, 



a 
~ 

r: 
Steam 

Speed Control 
Excitatip., 

Valve 
XI 

F XI 

Fig. (2 3) Gcuerutor with multi-input cunnected through tnUisfurmcr and trans

missiun linc to iufinite OilS. 

Urn 
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X5 = 'l/Jkd 

There are two input signals in the system (one to control the excitation and the 

other to control the speed), which are 

where A1t is the torque applied to the generator shaft and 1l I is the voltage applied 

to the field circuit. Substitution of equation (2.3.21) in the torque and voltage 

equations (section 2.3.1 and 2.3.2 respectively) leads to the following state variable 

equations: 

. Wo Wo.· 
X2 = 2H A1t - 2H (J\ 8 + !vIe) 

Wo Wo • 
= 2HA1t - 2H(I'i.X2 + !vIe) 

I3 = wo( 1l I - R Ii I) 

= wo(llI + R/Y4dx4 - RIYld x3 + R I Y5d X 5) 

I4 = Wolld + wo'l/Jq + woRtid + 'l/Jq8 

= WoUd + wo1/.'q + WoRt (Y4d 'l/J I - Y2d'l/Jd + Y6dV'kd) + V'q8 

= Wolld + WoX6 + WoRtCY4dX3 - Y2dX4 + }/6dX5) + X6X2 

= -WoRkd( - Y5d'l/J f - Y6d'l/Jd + Y3d'l/Jkd) 

= -WoRkd( -Y5d X3 - Y6dX4 + Y3dX5) 



X6 = WoU q - Wo'l/Jd + woRti q - 'l/Jd 8 

= wou q -- Wo'l/Jd + woRt( -Y1q'l/Jq + Y 3q 'l/Jkq) - 'l/Jd8 

= -WoRkd( -Y3q 'l/Jq + Y 2q 'l/Jkq) 

= -WoRkd( -Y3q X 6 + Y 2q X7) • 

Thus the state equation for the generator can be written as 

where 

m 

i' = f(J:) + L g(i)Ui 
i=l 

X2 

~'1-[ (]{X2 + Ale) 
-WoY 1dR/X3 + W oY 4dR/X4 + WoY5d R P:5 

.f(x) = woY.1dRtX3 - w o Y 2d R t X 4 + W oY 6 dRt X 5 + WoX6 + X6X2 + WoUd 

W oY 5d R kd X 3 + W oY 6d Rkd:l.·4 - W oY3dRkd X 5 

-WoX4 - woYlqRtX6 + woY3qRtX7 - X4 X 2 + WoU q 

woY3qRkq:l.:6 - woY2q Rkq:l.·j 

o 
~ 
2H 
o 

g(l) = 0 
o 
o 
o 

and 111 =2 (number of control inputs) . 

0 
0 

Wo 

g(2) = 0 
0 
0 
0 
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(2.4.1) 

(2.4.2) 

The electric torque, !vIc, in f( x) can be written after substituting equation 

(2.3.21) in equation (2.3.6) as: 

where 



For a more compact representation of f(x), let us define the following terms: 

k _ I<wo 
1 - 2H 

These substitutions will enable writing f( i) as, 

X2 

-klX2 - ~1II1 2H e 

-k2 X 3 + k3X4 + k4 X S 

f(x) = kSX3 - k6X4 + k7J.~S + WoX6 + X2X6 + WoUd 

kSX3 + kgx4 - klOXS 

WoX4 - kllX6 + k12X4 - X2X-1 + wou q 

k13 .T6 - k14 X 7 
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f(.r) can be simplified as described in the following by neglecting some of 

the terms without too much error, thus resulting in simplified models. 

2.4.1 A Seventh Order Model 

In this model we make the following approximations: 

(i) The total resistance of the transmission line and the transformer (R t ) is 

neglected. This is a valid assumption due to the fact that for the syrichronous 

machines currently in use, the total resistance is indeed very small (0.0005 

p. u.) and the system is close to being lossless. Thus, the effects of this 

resistance can be neglected. 

(ii) Speed-voltage effects in the stator voltage expressions due to speed varia

tions are neglected. This assumption is justified since the synchronous gen

erator is assumed to be connected to an infinite busbar (constant voltage). 



where 

and 

Under these simplifications, the state equation becomes 

2 

X = f(x) + L g(i)Ui 
i=l 

X2 

-k1X2 - mMe 
-k2 X 3 + k3X4 + k4 X S 

f(x) = WoX6 + WoU m sin(xd 
kaX3 + k 9 X 4 - k lO X 5 

-WoX4 + WoU m COS(XI) 

k I3 :l.· 6 - /"'14 X 7 

o 
~ 
2H 
o 

g( 1) = 0 
o 
o 
o 

o 
o 

Wo 

g(2) = 0 
o 
o 
o 

2.4.2 Fifth Order Models 
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(2.4.3 ) 

Two different models of order 5 can be developed by making certain approx

imations in addition to neglecting the total resistance R t and the speed voltage 

effects as before. 

(A) Approximation 1: 

A very commonly used simplification is to neglect the time-derivatives of 
. . 

armature flux-linkages ('Ij'd and 1/Jq ). This is valid with the neglection of speed 

voltage because it would lead to an acceptable prediction of synchronous machine 

performance as shown by Krause et aI. (1979). Hence, only the following states 

need to be retained. 
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X3 = 1/J f 

Starting with the matrix of Equation (2.4.3) and neglecting the derivatives of the 

direct and quadrature fluxes (Jd = 0, 1/Jq = 0) in the fourth and the sixth entries 

respectively, we have 

1/Jq = -Ud = -Urn sin 8 , 

1/Jd = Uq = Urn cos 8 . 

The rotor voltage equations remain the same as before, viz. 

To obtain an expression for the new electrical torque, we have: 

where 

Therefore 

life = [urn cos 8(YlqU rn sin 8 + Y3qX5) 

+ Urn sin 8(Y4dx3 - Y2dUrn cos 8 + YGdX4)] 

= U~l sin8cos8(Ytq - 12d) 
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The state equation can now be written as follows 

2 

:i; = f(x) + :L g(i)Ui 
i=l 

where 

X2 
-klX2 - k16 Sin(2xI) - k1 7XSCOS(XI) - k18X3Sin(Xl) - k19X4Sin(xI) 

f(x) = k3u m cos(xd - k2X3 + k4X4 

and 

g(l) = 

k9u m cOS(Xl) + kSX3 - k10 X4 
-k13 u m sin(Xl) - k14XS 

0 0 
~ 0 2H 
0 g(2) = Wo 

0 0 
0 0 

In equation (2.4.4), the coefficients k16 , k}7, klS, and k l9 are given by 

The other k-parameters are defined as before. 

(B) Approximation 2 

(2.4.4 ) 

Yet another simplification can be obtained by omitting the changes in flux 

linkages in the damper windings (i.e.~kd, ~kq). At the same time, however, the 

value of J{ (constant damping factor) needs to be increased to compensate for the 

neglected values of the damper winding flux linkages. 

The state variables in this case are selected as follows : 

:t'l = b 



47 

After these approximations, the direct and the quadrature flux derivative equations 

become 

Also, the field flux derivative equation will be 

The electrical torque equation will be identified as 

The state space representation of the system now becomes: 

Hence, under these simplifications, the state equation becomes 

2 

j. = f(x) + L g(i)lli 
i=l 



where 

X2 

-k1X2 + k20X4XS + klSX3XS 

f(x) = k3X4 - k2 X 3 

and 
0 
~ 
2H 

g(l) = 0 
0 
0 

where 

2.4.3 Third Order Model 

UrnWo sin Xl + WoXs 

UrnWo cos Xl - WoX4 

0 
0 

g(2) = Wo 

0 
0 
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(2.4.5 ) 

The same approximations used in both types of the fifth order models (A 

and B) need to be retained in order to obtain a third order model. After eliminating 

all variables except those required to be controlled, namely 6 and 1jJ f' we have the 

following state variable selections: 

X3 = 1flf 

Then, neglecting the derivatives of the quadrature and the direct fluxes, we have: 

'ljJq = -Ud = -Urn sin /j 

1f'd = u q = Urn cos /j 

The derivative of the field flux now becomes 



and the electric torque can be represented as 

where 

I.e., 

iq = Y1qu m sin 8 

id = - Y2dUm cos 8 + l'4dx3 , 

Me = [um cos 8(Y1qu m sin8) + Um sin 8( -Y2dum cos 8 + Y4dX3)] 

= [u~sin8cos8(Ylq - Y2d) + umYldsin8:r3] 

_ 1 [ 2 (},- "\'-)' ')~] },_. I: - 2 Um Iq - I2d Sln~v + 11m 4dslnvX3 . 

The reduced state space representation of the system now becomes: 

2 

X = f(x) + L g(i)Ui 
i=l 

where 

and 

g(l) = [ ~ 1 g(2) = [ ~ 1 
Wo 

where the k-parameters are defined as before. 

2.5 Single-input Model of Synchronous Generator 
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(2.4.6) 

(2.4.7) 

This section is dedicated to develop a nonlinear model for a single-input 

synchronous generator which is useful for the design of a governor controller and 

observer. It may be noted that a desirable feature in the design of a nonlinear 

observer is to have a model structure such that all the nonlinear terms in the 

system mat.rix are functions of the output. Such a model should also, be usable for 

large disturbances. 
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Multiplying the torque equation (2.3.5) by the angular velocity, the power 

equation will be realized: 

(2.5.1 ) 

where Hu is the machine inertia constant in p.u., D is the machine damping coeffi

cient in p.u., Ps is the stearn power input, and Pg is the generated power delivered 

at the machine terminals. Let us assume having only one input from the governor 

to the generator, as shown in Fig. (2-4). Then the rotor angle changes only with 

the input power Ps and hence 

dtlPs 1 Kg 1 
-d- = --r tlPs + ') f T w+ -r u. t 9 _71" 0 9 g 

(2.5.2) 

The electric field flux can be considered constant because a fault situation 

should have negligible effect on it in the time range of interest (as discussed in 

Anderson and Fouad (1977)). Thus, 8'!:t, = 0 (from Constant-flux-linkage theorem). 

On the other hand, the generator is connected to an infinite bus. Therefore, ~ 16
0 

= 

C where C is a constant. 

Now we define the state variables as: 

Xl = 0 - 00 

do 
X2 = u) = ( dt ) 

~·3 = tlPs . 

Starting with the reduced order model of the synchronous generator obtained in 

Section (2.4.3), the quadrature, the direct and the field flux equations are: 

V-'d = u q = U m cos 0 

'ljlf = U,'o(uf + RiY4d U m coso - RfYldV-'f) . 

Setting ~)f = 0, one can calculate 

.1. uf + RfY4d u m coso 
'f/ f = 

RfY1d 

Also, the electric torque equation for the single-input model is: 
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l!) 

11 ..... +(\ 

API; 

I 
XI 

Xlr 
Tg 

",--I -------------
1 + TgS 

I APs 

GOV SYSTEM r "' 
F XI 

Kg Af 

fo Tg 

Fig. (2-4) GCllcrator with :;iIlSlc-illput cOllllcdcd through ~ransformer and trans

mission line to infinite bus. 
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where 

Thus, 
!vIe = U m cos 0(Y1qum sin 0) + U m sin o( -Y2dum cos 0 

" ul Y4 d + }4d( R Y + -y U m coso)) 
I Id ld 

2 • Yld U m U I l'4 d • 
= U m smocoso(Y1q - Y2d + -y ) + R y; smo 

ld I 2d 

1 }r2 l,r _ [2 4d • ') 1 UmUI 4d • 
- () U m (-Y2 d + Y1q + -y; )sm~o + R Y smo 

~ 2d I ld 

Now, the power equation can be obtained by multiplying the torque equation by 

the angular velocity """0 

where 

as can be seen in the active power equation (2.3.28) and 

The deviation of the generated active power from its steady-state value can be 

written as: 

where Pyl is the steady-state value and it is equal to 
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Therefore the single-input model of the synchronous generator will be : 

x = f(x) + g(l)u 

y=h(X)=CXI 

where 

and 

g(1)= [l] (2.5.4) 



CHAPTER 3 

CONTROLLER DESIGN USING DIFFERENTIAL 

GEOMETRY METHODS 

3.1 Introduction 
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Olll' of the major objectives in the control of power systems is to l1laint.aill 

tIl<' IOcHl at <t coustaut voltage and at a constant frequency at all times. It is also 

ut'cessary that. t.he machine does not lose synchronism following a system fault. 

The problem of designing power system controllers has attracted the att.ell

tioll of mauy researchers and considerable work has been done uS'ing linear system 

theory siuce 1970 [Yu et a1.(1970), Ramamoorty and Arumugam (1971)]. For H 

good CI(,COHIlI of the history of the application of linear system theory ill tIl<' COll

tl'Ol of 1)O\\'('r gt'lH:'rCttors, oue ('ell! refer to Carpentier (1985) and Cohn (1984). Thes(' 

desiglls an' based simply on linearizing the nonlinear system around the steacly

state operating point with a truncated Taylor series and testing the effectiveness of 

the controller designed using the linearized model on the original nonlinear system. 

How('ver, the nonlinear system may not be stable when subjected to an opt.illlal 

coutl'lll obtaiued by using a linearized model as attempted by Yu and Siggers (1971). 

TIl<' a ])()wlllcutiolled shortcoming establishes the need for a nonlillear lllod

(·1 for syucl!rollo\ls lllCichillcs to be used in the control system design. Several 

researclwrs have at.tempted to design controllers based on nonlinear models of a 

power systelll. lyer and Cory (1971) have proposed an excitation and governor con

troller based on a dynamic programming approach. A quasilincarization technique 

is llsed in the design of a nonlinear excitation controller by Mukhopadhyay and Ivla

lik (1972). A different approach has been attempted by Wilson et a1. (1976) where 

Ihe lIolllill<'Cll' output feedback excitation controller is designed by using lHJlllillem 
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optimal control theory and identification methods. Using dynamic sensitivity e

yaluations, a linear excitation and governor controller is designed by Daniels et 

al. (1976, 1977). Doraiswami and Gondar (1978) and Doraiswami (1978) have pro

posed a nonlinear frequency control design based on a Lyapunov function of the 

Lur'e type. All of the above methods are quite complex and need large computa

tional time and numerous iterations. 

Although a considerable research effort exists on the use of nonlinear system 

models in practical control engineering, only a few well developed applications are 

a\"Clilable sllch as in robot control as described by Gras and Nijmeijer (1989). This 

is due to the complexity of designing nonlinear control strategies. This complexity, 

howe\"(:~r, can be reduced by using nonlinear transformations which appropriately 

transforlll t he nonlinear process into a much simpler problem of designing cou

t rollers for a related lillear process as shall be discussed in this chapter. 

Our objective in this chapter is to design a nonlinear controller for the 

syuchronolls generator using nonlinear transformations by employing differential 

geouH'try lllethods. This nonlinear control will be tested on different models for 

the generator developed in Chapter 2. In addition, the effectiveness of using a 

reduced order uonlinear controller will be tested on the higher order models: 5th 

order ulOd('l (Approxilllation 2) and 7th order model (full order). Also, we will 

COllll)(tre tlw dynamic performance and the stability margin offered by the nonliuear 

controller with those achieved by a classical linear controller. Pole-placement design 

and optimal control will be applied to the nonlinear system. The initial controller 

design will be conducted based on a nominal load consideration. Later, on-line 

stabilizatiou which consists of updating the controller parameters will be conducted 

to COlllpensa te for the load variations. 

In t.his chapter and in the following chapter, many differential geometry no

tions will be used. Details on these concepts and methods can be found in lllany 

textbooks [Isidori (1989, and 1985), Grizzle and Fliess (1985), Schutz (1980), Thor

pe (l979), Westenholz (1978), and Boothby (1975)]. A few of the more relevaut 

defiuiti()us useful in the present work are briefly outlined in Appendix A. 
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This chapter consists of eight sections. Section 3.2 reviews a nonlinear trans

formation which is aimed at mapping nonlinear systems to controllable linear sys

tems. In this section we shall state some properties of Lie brackets which are 

invariant under nonlinear transformations and introduce the notion of feedback 

equivalcllce. This section also includes a discussion of the necessary and suffi

cient. conditions f.:>r the existence of the required nonlinear transformations for 

single-input and multi-input systems. Transformation to a block triangular form 

is considered and the computation of the transformation (T), as well as an expla

nation of the solution techniques to solve the partial differential equations arising 

ill the transformation, are discussed. This will be followed by Section 3.3 which 

gives a procedure to design nonlinear controllers for the power generator using the 

presellt llollliuear trausfonnation. Sectioll 3.4 gives all illustration of checkiug the 

cOlldi I ions and cOlllPuting the transformation by hand for the 3rd order model of 

the syuchrouous generator. And later, in Section 3.5, the use of a computer to 

do the required calculations is outlined. It also illustrates the application of a re

duced order controller on higher order models. Section 3.6 evaluates the stability 

properties of the transformed nonlinear system and the transient stability of the 

sYllchronous generator. In Section 3.7 we will discuss the on-line control of power 

)!;('I1<'nll i()u. This eha pter eoucl udes wi th Section 3.8 which contains the conclusions 

(lll( 1 1)( 'rf( >l'lllClllCe end ua t.ioll. 

3.2 Nonlinear Transformation 

In order to study the effects of coordinate changes and feedback, we begin 

by identifying those quantities which are invariant under a certain transformatioll. 

The Lie bracket operation on pairs of vectors has a very desirable property of 

COlllIlltlt.ing wit.h changes of coordinates. For illustration, consider g, f: 3(11 ~ 3(" 

(IS Slllootl! v('ctors aud collsider the defini tion of Lie bracket. 

8g 8f 
-8 f--

8 
g:[j,g]=h . 

x x 

If (J : 3(" ~ 3(11 is a one to one and onto smooth map with a smooth inverse, then 

t h(' following is t.rue. 



Let 

so that if 

tbell 

and hence 

Defille 9 similarly. 

Tlwll 

z = </lex) 

i: == f(x) 

z = o</l i: = o</J f(x) ax ax 

o</J -z = 7l fC</J-ICZ)) = fCz) 
vX 
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That is t.o say that the Lie bracket of the transformed vectors is the transformed 

version of the Lie bracket. This means that the conditions stated in terms of Lie 

hnlckcts have an intrinsic meaning independent of the choice of coordinate systems 

wwd. III t11m, the transformability property of a Lie bracket can be used to generate 

t he feedback equivalence for control systems which is based on the three operations: 

(i) dWllg(' of coordillat.es ill the state space. 

(ii) f('('dhclck. (llld 

(iii) challge of coordinates in the control input space. 

For a precise illustration of the operations underlying the notion of feed

back equivalence, the following example is given (for a more detailed example and 

discussiolls. see Respondek (1984)) : 

Example: 

Let IlS cOllsider the nonlinear system 

. Y2 
Yl = f' ( ) 

2 Yl 
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where 

.f~(YI ) = ~ and 12(0) = 0 ; fHO) =1= 0 

If we introduce the new coordinates 

then this nonlinear system takes the following linear form: 

Xl = f~(Yd . ih = Y2 = X2 

:h = Y2 = 12(YI) + U = Xl + U 

I.e. 

.1''2 = .1'1 + U 

This means that the nonlinearity is not intrinsic and occurs due to a "wrong" 

sdectiou of coordinates. If we replace them by the new ones we get a linear system 

represt'u ttl tiOll. 

L<'l ll::> consider a more general form of nonlinear system 

Y'2 = h (!J 1 ) + u 1 

If 
c 

fl(yd = J'( ) 
2 YI 

\\'11<']'(' (. is a constant, we can linearize the system by state space linearization (as 

(l bovl'). However, even if this condition does not hold, we can attempt to simplify 

the syst.em by t.he following. 

ASSlIllH:' 

fdO) =1= 0 . 

Let 
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Then, 

. x~f~ (xd )) ( 
X2 = h(XI) +h(XI h(X2 +UIiI Xl) 

\Ve can treat the above system as a linear one of the form 

with a new control 

v = a(x) + (3(X)UI 

where 

tJ(x) = fdxd . 

III this example we see the three operations for feedback equivalence that were 

list.cd earlier. 

3.2.1 Single-input System 

In this section we shall attempt to give a complete description of nonlinear 

sin~I<:'-illput systellls which are intrinsically linear in the sense of feedback equiv

alence (coordinat.e changes ill the state space, coordinate changes in the control 

space and feedback). 

Let us consider the two control systems 

51: x = f(x,u) (3.2.1) 

52: if = g(y,v) (3.2.2) 

where .r alld y E ~II, (J alld v E ~, alld f and 9 are smooth functions. Let us 

first look at the content of equation (3.2.1). For every control u E 3(, it defines a 

,·('('tm fidel on ~II; and for every state :1' E 3(11, it defines a one dimensional subset 
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of tangent space to 3?11 at x. The same is true for equation (3.2.2). We say that S1 

is related to S2 if there is a Coo diffeomorphism (see Appendix A) 

wi th 

ami 

such that, for every state and control trajectory (x(t),u(t)) of S1 we have the 

COlT('S]>OlHlillg T, (t ) ....• Til (t). Tn+ 1 (t) Sa tisfying equation (3.2.2), i.e. 

(3.2.3 ) 

III ()tl WI' wo!'(ls. (T, (t ), .... Til (t), Tn+ I (t)) describe the state trajectory of 5-2 . Fl'<>lll 

th(' chaill 1'111('. equation (3.2.3) becomes 

aT, . aTI • aT, . 
~·1'1 + ... + -XII + -u. = gdT(J', u)) 
V.l'1 aXn au 

(3.2.4 ) 

aTIi • aTn . aTn . (T( )) 
~:1'1+"'+-a x n +-a u=gn X,tl 
V.rl Xn tl 

The right hand side of equation (3.2.4) does not depend on U. Thus, a transforma

tioll (T) must have ~~, = 0, ... , 8J;/ = 0, 8~lll+1 =J. O. The F-tmnsforrnation (Sf'(> 

Appelldix A) is illdeed all equivalellce relatioll. Also. (T) call be used to transforlll 

a llOlllillear SySt.<~lll to all equivalent linear controllable one as will be shown below. 

Lpt the nonlillear system be 

x=f(:r,u) (3.2.5) 
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It can be transformed by (T) to the linear controllable system 

iJ = Ay + bv (3.2.6 ) 

with 

where A and b are respectively n x nand n x 1 matrices. Using equation (3.2.4), 

we can rewrite equation (3.2.6) as 

aT 
(-a ). f = Ay + bv 

x 
(3.2.7) 

where 

( ~ R.) 
(r~'" a·j·n 
aI', a2'" 

aT 

<Iud ass11ming that (~.~ .. ) is nonsingular. equation (3.2.7) is equivalent to 

. aT 1 aT 1 
.f(:r, 11) = (-a )- (x) . A,y(x) + (-a )- (x)· bv(x, u) 

x x 

Huwever. this transformation cannot take place without any conditions at 

all. TllCre are cert.ain necessary and sufficient transformability conditions that. it 

has to meet. In Krener (1973) the question of which nonlinear systems call be 

put illto tIl<' lillear form by a change of state space coordinates without feedback 

is answered in terms of a simple property of vector fields. Transformations with 

fcedback, however, were not known at that time. Later, several researchers made 

progress in this area. Two researchers that have made major contributions to thl' 

transformation of nonlinear systems with single-input are Brockett (1978) and 511 

(1982) and their principal results will be briefly outlined in the following. 

I3rockett (1978) gave the necessary and sufficient conditions under which 

a nOIlliuear system and a controllable linear system are equivalent if coordinate 

clwuges ami additive state feedback are used. This is stated in the following theo-

1'<'111. 
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Theorem 3.2.1 

Let .f, g: ~11 ~ ~n be analytic functions. The system x = f(x) + ug(:l') ; 

.f(0) = 0, with equilibrium point at x = ° is, in a neighborhood of 0, F-eq'lJ.ivaZent 

to a linear system x = Ax + bu, with (A, b) a controllable pair, if and only if 

(i) the kth order Lie bracket (for definition of Lie brackets, see Appendix A 

dk( )11-1 I'On ° a f 9 k=O spans:1l at x = ; 

(ii) for k, In integers between zero and n - 1, there exist Gj, i = 1,2, ... , such 

that 
max(k,m) 

[ad}(g), adT(g)] = L Gjad7 1 (g) 
j=l 

Su (1982) developed a method for transforming a single-input noulinear 

system (111 = 1, g) = g) to a linear system, where the conditions under wbicb 

trausforuw t iOlls exist an' UIOH' general thau those enunciated by Brockett.. HI' 

cOllsid!'l'('d dWllgiug; of coordinates in both the state space and the input space as 

well as tll<' use of feedback. The results he achieved can be summarized in the 

followillg; theorem: 

Theorem 3.2.2 

if 

A llonlinear system i: = j( x, u) is equivalent to a linear system if alld ouly 

(i) /(.1'.11) = f(.I') + g(.I')' ¢(.l',u) where f(O) = 0, <1>(0,0) = 0, ~: 1= 0; 

(ii) the vectors g, ad}(g), ... , and ad,-l(g) span ~n about the origin; 

(iii) the set of vector fields g, ad}(g), ... , ad,-2(g) is involutive. 

Similarities and differences between the results of Brocket and Su can be 

SUllllllarized as follows: 

(i) Brocket.t defined a family of feedback transformations in terms of the feed

back 

v = u + /.:(1') 

which is more restrictive than that considered by Su, where 

v=v(x,u) . 
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(ii) The first condition in Theorem 3.2.1 is the same as the second condition ill 

Theorem 3.2.2. 

(iii) The second condition in Theorem 3.2.1 is clearly more restrictive than the 

condition of involutiveness in Theorem 3.2.2. 

3.2.2 Multi-input Systems 

The goal of this section is to outline a generalization of the single-input case 

to obtain a linear equivalent of multi-input nonlinear systems. In general, we ar(' 

particularly interested in mapping the nonlinear system: 

m x(O) = 0 
.i(t) = I(x(t)) + L gi(x(i))Ui(i), , 

i=1 1(0) = 0 
(3.2.8) 

where .r E ~II, U E ~III, and 1,91, ... ,g1ll are vector fields which are Coo ill ~I/. to 

the (,Ollt rolla hk liuear syst.elll 

z(t) = Az(t) + Bu(t), y(O) = 0, (3.2.9) 

To accomplish this objective one can start by specifying a canonical forll1 

wi t.h CI cert.aiu set of I\:ronecker indices and follow basically the same argument. as 

giveu in the single-input case. For our discussion, we assume that A and B are time:' 

iuv(IJ'iallt. n lws rallk III, and the spall of {B. AB, ... , 04 71
-

1 B} is n dinwllsiollal. 

1'0 = rank B 

'l'j = rank {B, AB, ... , Aj B} - rank {B, AB, ... , Aj-1 B} , 1 :::; j :::; n - 1 . 

Obviously, 0 :::; 7'j :::; 111 for 0 :::; j :::; n -1 and L j~~ l' j = n . We define the Kronecker 

indices ]\"1.]\2, ... , XIII as 1\j = the number of 1'js that are greater than or equal 

toi. I\()\V one may note that 1\1 ~ 1\2 2: ... ~ 1\rn and Lj~~ 1\j = n . Then the 

lillt'C\l' syst( 'nl (3.2.9) is equi valent to a lillear system ill Brunovsky canonical form 

_ A 

iJ = o4y + Bu (3.2.10) 

where 



IJ 1 J " . U 
I 
I 

U U 1 U I 
rJ 1.1 . 

I 

I u 0 U 1 

l u u u " . U 

() U " . U 

..;, -' . -

U U 

u u ... 0 

U ... u 

anu 

U U . .. u 

0 U 

U U . .. U 

I{, [ 1 
1 " . U 

u " . 1 

U .. . a 

JUIJU"'U 

I{ 1 I : 

II U 0 0 

I 
u ... u 

j{, 0 1 0 ... 0 

.. Juuu ... u 
~ I. on I : 

~ J () '" 1 
\ 
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u " . U 

U " . U 

U " . U 

u " . u 

J{,,, J ~ 1 0 

I u U ... 1 

0 0 0 
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To compute the Kronecker indices for a nonlinear control system we proceed 

in the following way: 

( 1) \Ve form the matrix 

(2) Defillf' 

91 
[1,91] 

(ad2 J, 9J) 

92 
[1,92] 

(ad2 J,92) 

9m 
[J,9m] 

(ad2 J,9m) 

(\ f) : llulllDer of linearly independent vector fields in the first row; 

(\ 1 : lllllllber of linearly independent vector fields in the first two rows; 

(111_ 1 : number of linearly independent vector fields in all rows of the matrix. 

(3) Take 

/'0 = 0 0 , 

/'1 =Ol-O(). 

/'11-1 = 0 11 -1 - 0 11 -2 . 

(4) Kronecker indices are defined as Kj = number of rjs 2: i. 

Thell 0" 1 •.•• , a III can be calculated from 

0"1 =1\), 

0"'2 =1\"1 + /{'2 , 

Threc groups of researchers have contributed extensively to transformiug 

lllulti-inp1lt nonlinear systems to corresponding linear systems. 

(1) The first of these is Krener (1973). He considered changing of coordinates 

only ill the state space, while the control input is entered linearly. A necessary and 

sufficicll! c()llditioll is deri\'('d for the llonliw'cu' systelll to be diffeomorphic to Cl 

li)J('ilJ' SYS!(·Jll. Tlwon'lll 3.2.3 sllmmarizes Krener's results: 
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Theorem 3.2.3 

Suppose that f, gi (i = 1, ... , m) are real analytic vector fields on U (au 

open subset in ~n). System (3.2.8) is state equivalent in U to a linear system if 

and only if for all 1 ~ i , j ~ m and for all h ~ 0, 

(2) .J aku bczy k and Respondek (1979) considered changing of coordinates in 

t.he st.ate space. input controL and feedback. They discovered the necessary and 

sutfi('i<'lIt conditions for nonlinear systems to be equivalent to controllable linear 

systellls. To stu tt' this result let us introduce the following notations. 

Let 

G = {g], ... ,9m} 

G f = f + G = {f + 9 : 9 E G} 

Jl.1 = {[Gj.lH.I-Ij,Jj.l-I}, with .UD = G. Also let C uel10te an opel1 subset ill ~/I 

('(lilt ililling t h<, origill. 

Also. we shall make the following assumptions: 

(AI) Ai) is an involutive distribution for each j ~ 0 

(A2) dim .~1 j (:r) = 1'j (.1:)= constant for each j ~ 0 and x E U 

(A3) dim )\j1l-1(.1') = Til_leX) = 11 \/:1' E U 

TheOl'em 3.2.4 

TIl(' folluwinp; cOlldi tions are equivalellt, locally around 0 E ~11 

(a) NOldinear system (3.2.8) is feedback-equivalent in U to the linear control

lable system (3.2.9). 

(b) Nonlinear system (3.2.8) is feedback-equivalent in U to the linear system ill 

I3runovsky canonical form (3.2.10) with controllability indices (1{], ... ,1{7/1)' 

( (') COllcii tions (.4.1) - (.4.3) are satisfied. 
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(3) Hunt, Su and Meyer (1983) have generalized Theorem 3.2.2 (for the 

single-input. case) to multi-input systems. The sufficient conditions for the existence 

of the t.ransformation are weaker than those in Theorem 3.2.3 . 

Let us define the following sets : 

C = {gl, [j, gl], ... ,( adJ<I-1 j, g1), g2, [j, g2], . .. ,( ad/{2 -1 j, g2), 

... , 9m, [j, 9m], ... , (adJ<m- 1 j, gm)}. 

Cj = {gl, [j, gd, ... , (adl\"j -2 j, gt), g2, [j, g2], ... , (ad Kj -2 j, g2), 

... ,g7ll,[.f,gm], ... ,(ad!\·j-2j,gm)} for j = 1,2, ... ,m. 

Theol'em 3.2.5 (Existence of Transformation) 

The llonlinear system given by (3.2.8) is T equivalent to the linear system 

ill I3rullovsky canonical form (3.2.10) near the origin if and only if: 

(i) the set C spans an n dimensional space (i.e, the vectors in C are linearly 

iudepelldent ), 

(ii) the sets C j are involutive for j = 1,2, ... ,111, aud 

(iii) t.he spall of Cj equals the span of C j n C for j = 1.2, ... , m. wherf' ]\'1 2: 

]\'2 ? ... 2: XII' an' th(' I\:rollecker indices of both the llonlinear syst.em aud 

the linear syst.elll. 

3.2.3 Algorithm for Computing the Transformation (T) 

HUllt., Su, and IVleyer (1983) have given an explicit procedure for the COll-

structioll of a trallsformation 

which t.akes the nonlinear system 

»1 

X = j(x) + L gi(X)llj (3.2.11) 
i=l 

into a lincnr system in the Brunovsky canonical form 

" " 
i; = Ay + Br . (3.2.12) 
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I t may be noted that after the mapping of the nonlinear system to Brunovsky 

canonical form is completed we will have 

and 

Theorem 3.2.6 

If the nonlinear system (3.2.11) is T-related to the Brunovsky canonical form 

(3.2.12) OJl C. tlWll 

( (\) iJ'/~ - () . - 1 'J • d~' - 1 'J Uti,. - ,j - ,_, ... ,11. all - ,_, ... ,11, 

(b) t.he 11/ X 'In matrix {~~k}, j = n + 1,11 + 2, ... ,n + 111 and k = 1,2, ... ,m is 

llonsingular on U, and 

( (') the following partial differential equa.tions hold 011 U 

(riTe. [J j) = 0, e = 1, 2, ... , (J 1 - 1, (J 1 + 1, ... , 

(J'2 -1,(J2 + 1, ... ,(Jm-I -l,(Jm-1 + 1, (3.2.13) 

.,. ,II -1 aIld i = 1.2, ... ,Ill 

when- (.,.) Jellotes the Lie derivative (for more details on Lie derivatives 

refer to appendix A) and (JI , (J2 ••. (J 111 are constants which are defined in the 

4t.h step of the procedure to find Kronecker indices for a nonlinear system. 

(dTe, f) = Te+l, e = 1,2, ... ,(Jl - 1, (Jl + 1, ... , 

(J2 - 1, (J2 + 1, ... , (Jm-I - 1, (J1II-l + 1, 

... ,11 - 1 . 

111 

(dTu!l f + L Uj[Jl) = Tn +1 , 

i=1 
m 

(dTu2 ,f + LUigi) = Tn +2 , 

i=1 

m 

(dTu"., f + L Ujgi) = Til + 111 

1=1 

(3.2.14) 

(3.2.15) 
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Using the Leibnitz formula (Appendix A) we can rewrite Equations (3.2.13), 

(3.2.14) and (3.2.15) to get the partial differential equations that we solve 

ill order to construct the transformation from System (3.2.11) to System 

(3.2.12): 

(dT] , (ad) I, gi)) = 0, j = 0,1, ... ,1<] - 2 and i = 1,2, ... ,m, 

(dTul +], (ad) I,gi)) = 0, j = 0,1, ... ,]{2 - 2 and i = 1,2, ... ,m, 

(dT(1", _ J + I, (ad}.f. gi)) = 0, j = 0,1, ... ,]{m - 2 and i = 1,2, ... ,111 , 

(3.2.16) 

illl<! 

111 

(dTul , f) ± L lL;(dT1, (ad},'1-1 f, 9d) = Tn+1' 
;=1 

111 

(dTu~, f) ± L u;(dTuJ +1, (ad}\o2- 1 I, 9d) = Tn+2 , 

i=1 (3.2.17) 

"' 
(dT",f) ± Lu;(dTu",_dl,(ad}\o",-lf,9z)) = Til + III , 

i=1 

(wi t.h the determinant of 

r 

(dTI,(ad}\oJ-II,9J)) 
(dTu,+I,(adl,,-1 1,91)1 

(dT(1",_ J + I. ((Jd l \,,, -Jf, 91)) 

(dTJ,(ad}\oJ- 1I,9m)) 1 
(dT., +', (ad

l
".-' f, 9,..)1 

(dT u '" _ J + I , ( ad)\ '" -J f, 9111 )) 

bei11g 11011zero). III (3.2.17), + is used for an odd ]{; and - is used for an even ]{;, 

where i = 1,2, ... ,Hl. 

The existence of a solution to (3.2.16) and (3.2.17) depends on the Frobellius 

theon'lll stated in the Appendix A. 

\Yc call !lOW outline a procedure to construct T = (T1, T'2, ... , Tn+m)' 
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(1) Compute the Kronecker indices k i , i = 1,2, ... , m, for the given nonlinear 

system. 

(2) Find Tn+1 , Tn +2 , ••• , Tn+m using Equation (3.2.17). 

(3) Find solutions T],Tut+l, ... ,Tum +1 to the partial differential equations 

(3.2.16). These partial differential equations can be solved by reducing them 

to a system of ordinary differential equations. 

Let 

8 J = number of times that ]{1 - 1 appears in C , 

8'1 = llumber of times that ]{] - 2 appears in C , 

.~ /\ I = llumber of lilleariy independent vectors in {g1, g2, ... , gm} . 

The partial differential equations in (3.2.16) are solved by introducillg real 

parallwt.crs t I. t'2,' .. , in, and solving the ordinary differential equations: 

dx(tt} /' 
dt] = (ad \t-If,gd ; x(O) = o. 

To sol\"(, this system of ordinary differential equations, we start the integratioll by 

tilkill).!, the \'ector .1' as a fUllct.ioll of Olle variable, The constant of integratioll will 

1)(' ,\ fllJlCt.ioll of the other variables. Then, to proceed with the integrations we add 

Oil<' "mi,\ hk a t a time until, at the end, the exact form of the vector as a functioll 

of all the \"ariables is obtained. If 51 ~ 2, we next solve the differential equation 

The process is cOlltinuecl in this manner. At the last step, we seek the solutioll of 

t.lH' difi'erellt.ial equatioll 
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V"e now take up the partial differential equation (3.2.16). If we let z denote 

the unknown function for each equation we considered, finding a solution:: to the 

equation (dz,(adgl - 21,gd) = 0 is the same as solving 

dx /,'1- 2 --- = (ad .f. f/82) 
dt 81 +"2 

.1" (t J , t'2 , ... , (, I + 82- J , 0) = x ( t J , t 2, ... , t 81 + ... 2 -1 ) 

\\"(' nlll cOlltinu(' this process in order until we have introduced all the parameters 

fl. t·2 •..•• til and ended with the equations 

d.1' oz = gill' ~ = 0 and x ( t 1 , t 2, ... , t n -I , 0) = x ( t I , t 2, ... , til -1 ) 
dill ui II 

At th(' clld of this procedure we have cOllstructed a lllapping from 1J('1 to ~R" gn'ell 

1 )\' 

( t I • f'2 .... , t 11 ) -; (.1' I ( t 1 , t2 , ... , t n ) ~ :r2 ( t 1 , t2, ...• til), ... , X n ( t I , t2, ... , t 11 ) ) 

ilIH\ tCikillg tilt' origiu to the origin. The Jacobian matrix of this mapping 

ax) £!:l £!:l 
atl at2 at" 
~ ~ !!2:J.. 
all al 2 al" 

aJ.·" al'" 8J.'" 
all at2 al" 

is a nonsingular matrix, which in the literature on differential geometry, is referred 

to (lS t.he c/w.nJ.ctcristic matrix. When evaluated at the origin, its columns are 

( I" I - I f' ) ( /},", -I 1) [1 J W I r t t t (I( . • f/I • (I(' ,92, .. " ,9m ,91, ... ,9111' e now so ve lor I, '2, ... , /I 

(lS fUllctiolls of :1' 1 •. r:!, ... , X II' 



Let 
Tl = t1(X) 

Tad1 =i(x) 

where F is the parameter that was introduced when we solved 

dx J' - = (ad \2-1 j, g2). 
dt 

\Ve obtain in this way the m leading components of the F-transformation 

(4) The other components are found by 

Ti+l = (dTi , f) 

i = 1, ... ,0") - 1,0") + 1. ... , 0"1Il-1 - 1, 

O"m-l + 1, ... ,O"m -1, ... ,1l-1 

3.2.4 Block Triangular Form 
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The simplest case occurs when the nonlinear system is in a block triangular 

fol'll!. This form has been introduced by Meyer (1981), who recognized that it call 

Il(, easily trallsformed to the Brunovsky canonical form. 

Let /I denote the dill1ension of the state space and 17"/. denote the dilllellsioll 

of til<' control illPUt. Suppose ./1 = k X III, where J..~ is an integer. 

If We' partition the state ;r into k m-dimensional subvectors 

;1").;1"2, ••. ,.1"1.-, and if we call Xk+l = u, then it is easy to put system (3.2.11) 

ill 1llock triallgular form if: 

. n 
i: j = f(X1, ... ,Xi,Xi+)) ,2 = 1, ... ,k = - . 

111 

In this cast:, it is easy to transform this system to the Brunovsky canonical form 

1lY ll'ttiup; thl' "('ct.o!" 

y) = T(.l')) = J'J 
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The st.ate equation will then take the form, 

0 1 0 0 0 0 0 

0 0 1 0 

y= y+ 1 0 0 v (3.2.18) 

0 0 0 1 
0 0 0 0 0 0 1 

3.3 Controller Design Procedure for the Synchronous Generator 

This section will present the results of the application of nonlinear trans

fOrIllatioll (from nonlinear to linear systems) in order to design controllers for the 

synchronous generator. 

Tlw desigll procedure call be developed as follows: 

(1) Using MACSY1'lA (*) and CONDENSE(**J we can transform the nonlinear 

ll10del of the synchronous generator to a controllable linear system by usillg 

til!' fUllction TRANSFORM, which implements the feedback equivalence 

technique as described in Section 3.2 (consisting of a change of coordillat.es 

ill the state space and in the input control space and feedback). Morc()\'el'. 

if the transforlllation. T, exists. our procedure generates the set of par

tiet! differelltial equatiolls that are satisfied by T. In some cases (model of 

gCIH'rator less than 7th order), TRANSFORM can solve these partial differ

(,llt.ial equations and give the results of the transformation and its inverse. 

The transformation is conducted through the following steps which are al

st> shown in Fig. (3-1) as a flow chart (which shows the integration of the 

logical transformation blocks): 

("') A lauguage for symbolic manipulatioll developed at project MAC at 

IvIIT. 

(**) A software package usmg symbolic manipulations, whose aIm IS to 

implement the theory presented in the previous sections and is developed 

by Akhrif and Blankenship (1987). 
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(a) Check if the system is in block triangular form. If yes, it can be easily 

transformed to the Brunovsky canonical form as outlined in Section 3.2.4. 

(b) If system is not in block triangular form, check if the system is S1S0 or 

M1MO. 

(c) If system is S1S0 try the more restrictive feedback suggested by Brockett 

( 1978) as given in Section 3.2.1. This can be performed by checking the first 

and the second conditions of Theorem 3.2.1. If the conditions are satisfied, 

then the PDE'S can be easily solved. 

(d) If the conditions of Theorem 3.2.1 are not satisfied, we try a more general 

feedback (challging of coordinates in the state space, input COlltrol. aIle! 

feedback) as suggested by Su (1982) and outlined in Theorem 3.2.2. The 

('()ucliticllls ill Tht'orelll 3.2.2 must be satisfied to obtain a solutioll. If the 

("OlJclitiollS are l10t satisfied one call stop here since it will not be possible to 

obt.;-lin Cl solution using the methodology followed in this chapter. 

(c) If the system is M1MO, first compute the Kronecker indices as given in 

Section 3.2.2 and then check the three conditions of Theorem 3.2.5. If the 

conditions are satisfied, try the algorithm for computing the transfol'lllHtion 

(T) as outlined in Section 3.2.3. 

(2) Once the p;i ven uonlinear system is transformed to the Brunovsky fOl"ln wi til 

I\:l'ClllC'cker iudices, our design scheme for the controller developmellt cau be 

described by the structure shown in Fig. (3-2). There are four prill(:ipal 

COllljHlllents in this structure; a transformed linear system, the regulator, 

a transformation scheme, and the original nonlinear system. The desired 

lllotion of the nonlinear model and all constraints are defined and computed 

within the linear model. y and v are the states and the controls respectively 

p;<'lwrat.cd by the linear system in respouse to 1:1 reference input. The control 

/' is feci through au inverse transformation and applied to the nonlinear 

ulUdel of the generator. State:1: is read from the original nonlinear plant 

and transfonned by T to the state y of the linear system. The regulator 

t1'1Illsform5 the tracking error (e = fj - y) into a corrective command bu 
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which is added to the open loop command v. In the absence of disturbances 

(fj = y and bv = 0) the linear system anticipates the task of the nonlinear system. 

The most significant practical advantage of this design is solving the difficult prob

lem of designing a nonlinear system control by transforming it into one of designing 

a linear system control. From the above we can see that the structure of the control 

system is an exact model follower. 

(3) ACSL (Advanced Continuous Simulation Language) can be used to simulate 

both linear and nonlinear controls. Each type of control is applied in the 

a bsence of disturbances to the nonlinear system several times while changing 

the loca tions of the poles at each time. 

(4) Through a set. of simple Ctrl-C commands, variables can be made COllll110n 

to both t.he' AC'SL simulation and Ctrl-C work space as shown in Fig. (3-3). 

\V(' ("all use C't.rl-C' to plot the results of simulations from ACSL for different 

pole placement situations. 

3.4 Illustration of Checking the Conditions and Computing the 

Transformation for the 3rd Order Machine 

To get a feel for how the successive steps of nonlinear controller desig11 

proce'dur(' How. checking the conditions and solving for the transformation will be 

dOlll' by IW11<.1. Before beillg able to apply the transformation to any nonlinear 

syst.elll, the system n'lUst fulfil the transfonnability conditions. We can sUlll11U:lrize 

the procedure as follows. Given the nonlinear model of the synchronous generator 

(as ill Chapter 2) where the vector fields (1, g) satisfy the required necessary and 

sufficient conditions, there exists a transformation which transforms the nonlillear 

lllodel to a controllable linear model. To construct such a transformation, the 

systelll of partial differential equations needs to be solved. 

The systelll that we have on hand is the reduced 3rd order nOlllillear ll1ulti

input sYllchronous generator which is developed in detail in Section 2.4.3 of chapter 

2. The system description in this case takes the form 

2 

1: = f(x) + Lgi(X(t))Ui(t) (3.4.1) 
i=l 



Cld-C 
LiIlcar Systl!lll 

Aualysis awl Dcsigll 

I 

I 

ACSL 
N oulillcar S ystC11l 

.. Simulation 

Fig;. (3-3) Illfurlllatioll Excballgc Between Ctrl-C amI ACSL 
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where 

It is required to transform (3.4.1) to the Brunovsky canonical form given by 

~ ~ 

iJ = A.y(t) + Bv(t) . 

It will be c<'>Ilvenient to commence our- analysis by finding some quantities that are 

lll'('(kd ill t he checking of the conditions for the existence of the required transfor-

m(l t iOll. 

( 1) lui t i,tlly COlllpU te the Lie brackets [f, gd and [f, g:.d. Since, 

(lml 

of 
D:r 

Similarly, 

[ 
-A:18 COS(XI )X3

0
----: 21. 16 COS(2Xl ) 

-k3um sm(Xl) 

If,yJi = [ -:l; 1 

(2) Since 91, [f, gd, 92 are linearly independent, C = {gl, [f, gd, g:d spans a 3-

clilllensional space on the set 
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(3) Now compute Kronecker indices from the matrix 

[ 
gl 

[j, gl] 

where 00 : Number of linearly independent vector fields in the first row, 

which is 2, 01 : Number of linearly independent vector fields in the first two 

rows, which is 3. Then 

TO = 00 = 2 

and 

H(~uc('. the Krouecker indices can be obtained as 

and 

Fronl these computations we can observe that 

/\'1 > /\''2 auel L:J=1 /{j = n = 3 . 

Existence of Transformation 

\Ve now apply Theorem (3.2.5) to the present model. Let us determine the 

sets C and Cj, where 

and 

j = 1,2 ... 11l • 

\Ve find that since In = 2, /\1 = 2 and /\2 = 1,we have C = {£II, [j,gl],g2} , C I = 

{Yl,!i2} Hnd C1. = O,empty set. Thus the nonlinear system :i: = f(X)+!ilI1.1 +Y'1.ll'2 

is T eqlli\'akllt t.o the Brunovsky canonical form 

~ ~ 

iJ = Ay + Bv 
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if and only if the following conditions are satisfied: 

(i) The set C spans a 3-dimensional space, i.e., rank C = 3, which is true in 

the present case, 

l.e., rank C = 3 . 

(ii) The sets (Cl, C2 ) are involutive, which is true if there is a scalar Cl:12 sllch 

that 
3 

[gl,g2](X) = LCl:12(X)!k(X) 
k=l 

In the present case C1 and C2 are trivially involutive. 

(iii) The span of C't = the span of C) n C and the span of C!. t he span of 

C,!. n C, which are once again satisfied ill the present case. 

Hence, there exists a transformation which transforms the nonlinear systelll 

iuto an appropriate Brunovsky canonical form. 

Computation of Transformation T 

Fur the present system we have: 

Hence. defining the Lie derivative as 

(dh ') ah f ah. ah f ,} =~ l+~h+~ 3, 
UXI ul'2 UX3 

t.he l'<'<{llin'd transforlllation takes the forlll 

The nOIlsiIlgular characteristic matrix of the transformation is: 

[*t Q:£l. 

~l [ w, 0 jJ al 2 iJI3 -'211 
!.!..:£:.:. £.£l. iJx 2 = [[J,gJ],y],g2] = kiWI' ~ (:3.4.2 ) 
ill I i:112 ut3 211 211 
~ ~ Q£i!. 0 0 
illl at 2 ul:1 



From equation (3.4.2) we have 

ax) __ ~ 
at) - 2H . 

By integrating the last equation, we get 

From .z:dO) = 0, C = 0 and hence 

Thus, 

\\' hel'C' 

2H 
i l = --.rdt l ) 

""0 

'/,':2(t l ) = 0 

'L3(id = 0 

.-\lso equat.ioll (3.4.2) gives us the partial differential equations 

I3y integrating these, we get 

k1w'o v..,'o 
.1'.) = -H tl + Hi.) + .r·'u(t,) - 2 2 - -

\\lith the initial condition :/,'2(t1, 0) = O. we have 

kJwo 
.1:2o(i l ) = - 2H tJ 

Hew'(' 

or ('«Hi \'(dC'lltly, 

\\·here 

2H 
t'2 = -.c'2 

Wo 

Wo 
.r 1 (t 1, t'2) = -- 2H t 1 

Wo 
X2(iI,t'2) = 2Ht2 

:/,'3(tI,t2 ) =0 . 
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The last significant piece of information that equation (3.4.2) yields is 

By integrating this equation we get 

X3 = Wot3 + X30(tl, t 2) 

I.e. X3(t l , t2, t3) = Wot3 + X30(t l , t2) 

Using the initial condition X3(tl, t 2, 0) = 0, we have 

Hence 

Th11s we concl11de that 

WO 2H 
.l:l(tl,tz,t:J) = -2H tl ==? tl = - Wo :t'l 

WO 2H 
:L"z(t 1 ,tz ,t3 ) = ')Htz ==? tz = -·1:2 

- Wo 
1 

.L'3(tI,tz ,t3) =Wot3 ==? t3 = -·1:3 
Wo 

Frolll ('<pta tiollS (3.4.3). we get 

2H 
Tl = --Xl 

Wo 

T'J. can be calculated using the Lie derivative 

I.e. 

which :-;illlpiifics to 

(dT1,.f) = T2 

aTI aT! aTI ' 
-II + -h + -h = T'J. 
a.1·1 a.1'·2 a:1'3 

2H 
--·1:2 = T2 

Wo 

NO\v, the llumber of times that J{l - 1 appears ill C is oS! 

(3..1.3) yields 

(3.4.3 ) 

1 . Also, equation 
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Furthermore, from equation (3.2.17) we get 

2 

T4 = (dT2 , J) - L Ui (dT1 , (J, gi )} 

i=l 

and 
2 

Ts = (dT3, f) + L II i (dT3 , 9 i) 
i=1 

DTI. aT3 aTJ ' DT3 aT3 = -.II + -/'2 + -./3 + lid-gil + -gl'2 
[:J1'1 a;I''2 a;C;j a.c I a;r'2 

a~ a~ an a~ 
+-gI3) + 112(-g21 + -g22 + -g'23) 

a:r3 a:z: 1 a:r2 aX3 

which for the present system yield 

aud 

The fillal results that define the required transformation can then be !:itlIll

ll1arized iu the following equations: 

"""0 

2H 
T2 = --·1'2 

(3.4,4) 

')H 
TI = -=-( -h'I8 sin(:rdx 3 - k1 X 2 - k16 sin(2:rJ)) - III 

Wo 

-k2:L'3 + k3'llm cos(:rl) 
Ts = + 1L2 

Wo 
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Nonlinear Control Design 

In order to obtain the nonlinear control laws Ul and U2, the mapped 

Brunovsky canonical form of the system in the absence of disturbances CfJ = OIl 

and bv = 0) will be used. 

From equation (3.4.4), 

and hellce 

However. since .i: I = .r'.! 

Also, equation (3.4.4) yields 

and hence 

(Yl,Y2,Y3) = (TI ,T2,T3) 

(VI, V2) = (T4 , Ts) . 

2H 
0111 = Tl = --Xl 

Wo 

2H. 
0111 = --Xl 

Wo 

2H 
.l}1 = - -.r') = iI) 

-..,1.)0 - • -

. 2H. 
0112 = --.r'.! 

'-'-'0 

~uw. llsill,!!; (:3.4.1) awl (3.4.4). 

and hence 

in = T\ = VI 

Furtherlllore. equation (3.4.4) gives 

Clud hellce 
. 1. 

0113 = -X3 
Wo 

(3.4.5 ) 
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Once again, using (3.4.1) and (3.4.4) one gets 

and hence 

The linear system in the Brunovsky canonical form can hence be obtained as 

y = [~ 
1 
o 
o 

(3.4.6 ) 

Ouce the transformation of the uoulinear system to the Brunovsky cauoui

cal form is completed, all the powerful practical tools for designing controllers for 

linear systems can be applied. Quadratic optimal, pole placement, and fractional 

r~presentation approaches become directly applicable, as do Bode plots. root loci. 

auel ~yquist plots (Alvarez(1988), Hunt, Su, and Meyer(19S3). In particular, a lin

ear feedback control can hence be synthesized and applied to the transforllled linear 

syst.elll iu order to stabili~e the synchronous generator by choosing the eigcllvalues 

ill til(' \(·ft half pielllt'. TIl(-' ("outrol siguals take the form 

( 3.4.7) 

where L J , L2 ,and L3 are linear feedback gains, !vII, and A12 are constants. and /I cJ 

and Hc2 are reference inputs. 

Sillce 1'1 = T, alld 1'2 = T.5, from (3.4.4) and (3.4.7) OIl(> obtaills 

-LlUI 
2H 

- [.2U2 + J\1 I 'ltr.l = --(-I.:1ssin(:rl ):1:3 -1':101"2 - k ltj sin(2:1'1)) - III 
uJ Q 

- 1.:2 X3 + 1.:3 II III cos( X I ) 
-L3!J3 + A12 H c2 = + U2 

uJo 
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Inverse transformation (T- 1
) can now be used to obtain the nonlinear controllers 

(Ul,U2) which are applied to the plant as 

(3.4.8 ) 

It may be noted that the control signals are highly nonlinear functions of the states. 

System Parameters 

A gCllL'rator model which is a representative of a large sYllchrollous gellt'nt tor 

COl!lwct,{'d r.o a power Iletwork through a transformer and two transmission linc!:' is 

used ill this simulation. The synchronous generator is a two pole mCtchille drivell 

at 3000 rplll by a turbine with reheat, the steam being produced by conw'utiollal 

coal or oil fired boiler. The transmission lines and the transformer are repn'sellted 

(IS IUlllped series resistance and reactance. Using the following parameter '·(litH's. 

!:'('vend silllulation experiments were conducted to evaluate the perforlllallc(' of tl\(' 

colltrol scheme developed. The results of a few of these experiments will be brieRy 

011 tli!l( ,d Ilt'r<'. 

a. Synchronous Generator 

Ra = 0.0050 p.llj Y1d = 5.6219 p.Uj 

Rkd = a.0078 p.ll; YZd = 1.5743 p. ll: 

Rkll = 0.0084 p.u; YJd = 5.9413 p.ll; 

RI = 0.0015 p.u; 1 ~ld = 0.G .. l:68 p.ll; 

-'<ad = 1.8600 p.llj YSd = 4.7699 p.tl: 

-'<Iltl = 1.7700 p.Uj Y;,d = 0.8893 p.ll; 

-'< kd = 1.9-100 p.tl; Y1q = 1.3131 p.lL: 



b. Transformer 

Xkq = 1.6900 p.Uj 

Xd = 2.0000 p.Uj 

Xq = 1.9100 p.Uj 

XI = 1.9700 p.Uj 

Y2q = 1.5810 p.Uj 

Y3q = 1.1858 p.Uj 

1\ = 0.0250 p.Uj 

H = 3.2500 p.U. 

Rtr = 0.038 p.Uj 

Xu· = 0.100 p.ll. 

c.Transmission Line 

RJ = 0.025 p.ll; 

ss 

At t.lw end of this section, the obtained results are shown in Figs. (3-4 to 3-1S) 

wh('1'<' the simulations were done for the 3rd order system. Each graph depicts 

the perfOl'lll<lIlCe \vith one type of control either with governor or exciter cOlltrol 

alone, with linear control (linear feedback of the form 11 .£1 + 12 .£'2 ami l:.l.r:1 used 

t.o stahiliz(· t.he system), or with nonlinear control (the ont' derived by Ilsing (\ 

diH'ert'lltial geometry method as in (3.4.8)). 

SOllle key factors concerning the performance studied in the figures showll 

here lleed t.o be highlighted. 

( I) Vmiation ill t.he rotor angle signifies the degree of stability of the systelll. It 

is most affected by governor control. Due to this reason, the results depict.ed 

hy the rot.or angle graphs are shown ac('olllpallicd with those of the p.;()V('l'Ilor 

('011 t rol sigllals. 

(:2) One' of the main objectives in power system control is to maintaill the load 

at. a constant terminal voltage. The excitation control plays the key role 

III ('olltrolling the terminal voltage. Therefore, the graphs of the tcl'lnillal 

\·o!tap.;(· ;\1'(' shown with those of the excitation input. 
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(3) To test the reliability of the generator, it is important to monitor the active 

and reactive power outputs of the machine. The active power describes the 

frequency stability of the generator; whereas, the reactive power shows the 

stability of the terminal voltage. Thus, the displayed graphs will show the 

active and reactive powers together. 

From an examination of Figs. (3-4 to 3-18), the following conclusions can 

be derived. 

1. The nonlinear control provides a better transient response. It provides 1:1 fast. 

r('spOllse withuut excessive overshuots in the rotor angle, terminal "ultage 

and power (both active and reactive). The high overshoot and oscillatiolls 

resulting from the constant input control can reduce the life time of the 

genf'rator, as these tend to destroy the insulation of the generator wind

ings. Figs. (3-5, 3-7, and 3-9) show the performance of the nonlinear con

trol which tan be compared to that of the governor and exciter wlltrul ill 

Figs. (3·-4, 3-6. and 3-8). 

2. III the use of linear control, higher gains (more than 100) are often llI~edt'(1 to 

shift the poles farther into the left half-plane in order to obtain acceptable 

performance, whereas in the case of nonlinear control it usually requires low

er feedback gains to accomplish the same shifting in the transformed system. 

Therefore, the nonlinear control essentially eliminates this disaclvantage of 

high gains which makes the system more sensitive aud mure tustly [WIll till' 

impleml'llta tion point of view. In real world implementations, it is gener

ally n'('Olllmelld(~d to keep the magnitude of the feedback gains below 100. 

Figs. (3--11, 3--13, 3·-15, and 3-17) illustrate the performance with uonlillear 

control and Figs. (3-12, 3-14, 3-16, and 3-18) illustrate the perfonnnnce 

with linear control. 

3. Thl' steady-state response with the use of nonlinear control IS unilff(~ct('d 

by the size of t.he feedback. However, feedback gain is a key factor ill the 

stC'n<iy-statl' respow;c with linear controls. which implies the lise of iutegral 
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control to compensate for the large steady-state errors. The settling time of 

the system with nonlinear control is improved and the damping is superior 

compared to the linear control case. 

4. The frequency deviation, terminal voltage, as well as active and reactive 

powers are held constant within the limits of requirement with nonlinear 

control. These results imply stability in the generator frequency and termi

nal voltage which are desirable key performance features from an implemen

tation point of view. 
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3.5 Stability Analysis 

One of the major requirements in the controller design for a system is stabil

ity of the controlled system. In this analysis we use a linear feedback to asymptoti

cally stabilize the transformed linear system, which in turn stabilizes the nonlinear 

system in its state space form (Su, Meyer, and Hunt (1983)). Lyapunov functions 

playa key role in this design. If a linear feedback v = -Ly is used to stabilize the 

Brunovsky canonical form, then the following linear system of differential equations 

is obtained 

where the eigenvalues of Co are in the left half plan. Starting with a selectioll of 

Q as a positive definite matrix, then if the Lyapunov matrix equation 

(:3.5,1 ) 

has a lllliquC:' posit.ive definite solution P. then F(y) = yTp!} is a Lyapullo\' f1l11cti()1l 

for thl-' dose-loop syst.em. Now !}l = T I ,!}'}. = T'}., .. , ,!}II = Til are fUllctiollS ()f ,f 

and thus l/ depends on x. Hence 

and changing the order of summations 

and hence, 
. n ov . n ov 

V = L aT, Tj = L 01 ,if j . 
j=1 1 j=1 Yl 

( '3 - .)) . ,0._ . 

This llll'allS that allY Lyapunov function v"(y) for the linear system is als() a Lya-

puno\' fUllction for the nonlinear system V( Y(:I:)) with the controls COlT('spolJdiIlg 

to t host' of liw'ar feedback, 
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For illustration, let us construct a Lyapunov function for the 3rd order 

synchronous generator model (3.4.1) in order to examine the stability of the system 

when using nonlinear control. There is a nonsingular transformation (T) mapping 

(3.4.1) to the controllable linear system in Brunovsky canonical form (3.4.6). In 

order to stabilize the linear system (3.4.6), let us choose the linear feedback as 

VI = -2YI - 2Y2 

V2 = -3Y3 . 

\;Vhich places the eigenvalues of the closed loop system at 

eig( Co) = {-I - Ij ,-1 + Ij ., -3} . 

Now with the selection of the symmetric and positive definite matrix, 

we can solve (3.5.1) for P as 

[ 

1.5 
P = -0.5 

0.0 

which is positive definite. Hence 

-0.5 
1.0 
0.0 

0.0 1 0.0 
0.1667 

T' ? ? ~ 'J 
V (!J) = 1.5yj -!JI Yz + y.;, + O.1661Y:'i 

is a Lyapunov function for the linear system. Now using the transformation, Olle 

can obtain 

4H2 2 4H2 4HZ 2 0.1667? 
V(y(x)) = 1.5-

2
-x 1 - -2-X1X2 + -?-xz + 2 :1:3 

Wo Wo W~ Wo 

which is a Lyapunov function for the original nonlinear system. \;Ve chcck the 

eigenvalues of the transformed closed-loop system after substitutillg the ll()uliuear 

control in the original system which yields 

1 
-2 
o ~ 1 x 

-3 
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Hence, the eigenvalues are exactly those of the linear system after linear feedback 

is applied. It is a very important conclusion that the two systems have the same 

eigenvalues which makes the nonlinear control more robust to any variations in the 

system as proven by Su, Meyer, and Hunt (1983). 

3.5.1 Transient Stability 

The aim of this section is to study the transient analysis (response under 

fault conditions) which is of particular importance in a power system. The problem 

of interest can be generally stated as that of reducing the amplitude of rot.or angle 

oscilla tions and attaiuing a steady-state as soon as possible after clearallce of a 

3-phase fault. The occurrence of fault induces rotor acceleration, and hellce the 

p;uveruOl" controller will be the key stabilizer of the rotor angle variable. A singk

input model is particularly suited to this study. The single generator conllected 

to an infinite bus shown in Fig. (2-4) gives us some basic features of trallsient 

analysis. Let us assume that the generator is operating in steady-state at b = CTO 

when a fault occurs. A three-phase fault at the beginning of the transmission 

line (point F) as shown in Fig. (2-4) is simulated on the single-input nonlinear 

machine'model which is developed in detail in Section 5 of Chapter 2. Due t.o 

the sudden occurrence of the fault the generator output power decreases b1lt the 

t.urbine pow~r remains unchanged, which causes the power angle to increase with 

time. "'hcn the line is reclosed, the generator power increases more tlwll the 

turbine power. This will cause the rotor angle to decrease with time. Silllulation uf 

two different fault clearing times viz. tt = 1.2 sec and t2 = 5 sec were cOllducted. 

The systelll is at the boundary of stability at tt alld exceeds the boundary of 

stability lllumentarily a.t t2, the range of stability being the interval [0 0 ,90 0
] of the 

rotor <lllgk. For these transients, the effectiveness of both nonlinear and linear 

controllers are demonstrated. Figs. (3-19 to 3-26) show the variations in tbl' rotor 

angle (6) anel the angular velocity (w) for different fault. clearing times witIl lincal' 

and nonlinear controllers. From these sketches. som~ very significant. aelvlmt.a.v;es 

with the uoulinear control can be observed. 
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1. It is clear that the response of the system to this major disturbance is rapid 

and well damped when nonlinear control is applied as illustrated in the 

Figs. (3-19, 3-21, 3-23, and 3-26). 

2. The important features of the response are the rapid damping of rotor angle 

oscillations and the consequent reestablishment of synchronous speed. As 

mentioned in Chapter 1, the first requirement in post-fault conditions is to 

maintain the generator in synchronism with the power system. 

3. Nonlinear control offers a good solution to the transient stability problem 

during fault conditions. This is due to the fact that nonlinear control main

tains stability at the point of interruption and tunes itself to the new COll

eli t.iOllS. 

4. \Vith the fault cleared at 1.2 sec, the linear control managed to handle the 

fault but with high disturbance. The Ilonlinear co11trol OIl the ot.iwl" halld 

showed 110 significant disturbance effects at all. In fact, even when the fallit 

time is increased to 5.0 sec, which is well beyond the stability region of the 

system, the nonlinear control acted without disturbances, and the systeIll 

mrtintained stability. 

The following system parameters were used in the simulatioIl. Several sim

ulation experiments were conducted to evaluate the performance and the stability 

of the gcn(~rator for large disturbances with the control scheme developed. 

System Pat'ameters for Single-input Model 

Tg = 0.1000 sec; 

Hu = 0.0140 p.ll; 

Xd = 1.0000 p.ll; 

/I /1/ = 1.0000 p.ll; 

fu=60H::; 

E = 1.2080 p.ll; 

!vI = 0.0140 p.u; 

Xq = 0.6000 p.u; 

1\'g = 1.0000 p.lI; 

X/ = OAODO p.ll. 



Transformer 

Transmission Line 

R tr = 0.038 p.Uj 

X tr = 0.100 p.U. 

Rl = 0.025 p.u; 

Xl = 1.000 p.Uj 

Xt(short circuit) = 12.8570 p.U. 
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3.6 Development of Controller for Higher Order System Models 

Although hand calculations give a better feel for how the procedure work

s, it is very tedious to always do these calculations by hand especially when the 

order of the system gets higher. Therefore, it is natural that one would resort to 

the use of computers while developing controllers for higher order systems. All 

comput~r-based calculations were done using MACSYMA and CONDENSE soft

ware. Throughout the development, simulation runs were carried out for models 

of the 3rd. 5th, and 7th (full) orders. While a single-input (governor) was ap

plied t.o the 3rd order model. two inputs (goverllor and excitatioll) were applied 

to the 3rd, 5th, and 7th order models. No solutions could be generated for the 

5th order (Approximation 1) and 7th order models, even though the conditiolls for 

t.he transformation were satisfied. This was due to the failure of the ALGSYS. a 

sllbroutine of rdACSYMA which solves algebraic systems of equatiolls. to find all 

exa.ct solution because of floating point approximations. 

Before presentinl!; the simulation results. let us briefly outline the C<.>1llputer 

prog;nlill llsill,!!; fvIACSYMA and iutroduce some llotatiolls to make the progralll 

more understandable. 

(1) The input command lines always begin with a (Gil)' If the comlllarHl is 

t.ertllillated by a (;), the input command lines will be printed (see App('ll(\ix 

C). However, if the coIllmand line is terminated by ($), the line willllot bt' 

prill ted. 

(2) The results of coIllmalld lines always start with a (D II ) 
(3) III (Ill' sillgle-input case, the vector fields I ami yare elltered ill the forlll 

I : [It ( x), h ( :r ), ... , III (:r) 1 

III the multi-input case, however, the vector field f keeps the sallle fOl'l11 <1:-; 

for the sillgle-illput case, but the gIll vector fields are entered as foll()\\'s : 
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Results of checking the conditions for the transformation and the evalua

tion of the required transformation are given in Appendix C. Simulations 

were conducted using different models (different orders) of the generator 

progressively in the following order: 

(a.) Multi-input 7th order (full) model, 

(b.) Multi-input 5th order model (Approximation 1), 

(c.) Multi-input 5th order model (Approximation 2), 

(d.) Multi-input 3rd order model, and 

(c.) Single-input 3rd order model. 

The results obtained by this analysis for the multi-input 3rd order lllod-

1.·1 ga\"(' tIl<' same results as obtained earlier by hand calculatiolls thus pro\·idill).!; 

assurance OIl the accuracy of the computer programs 

III the two cases of the full order Illodel <md the 5th (ApproxiIllatioll 1) urder 

model. although the conditions for the existence of a transformation were satisfied, 

several attempts at using MACSYMA to construct the transformation were not 

successful. It is speculated that, even if any attempts were successfuL the simula

tioll would still be faced with a stiffness problem, for it is very difficult to silllulate 

1I higher order model wi th a nonlinear controller. It should also be uoted tllll t a 

reduced order model will result in a smoother simulation and a simple llL>llliuear 

("ollt.roll(·!'. For the abovementiolled reaSOllS, it. is fdt more meallillgful to apply a 

reduced order controller (i.e. a controller developed from a reduced order model) 

on the 5th and full order models. To illustrate this process, we applied a 3rd order 

cOlltl'Oller to the higher order models. When the reduced order (3rd order) con

t.roll(·r is applied to the higher order models, we observe that the rotor allgle (b) is 

lllUSt. affected by the governor control which takes care of the frequency stahility. 

Also, the excitation control holds the load terminal voltage constant. These fea

tures call be seell in the graphs of the active and reactive powers, which !JrO\'ide 

a t.est of til<' stability of the frequency and terminal \'oltage of a gelleratUl'. The 

advantages resulting from the use of nonlinear control are illustrated by comparing 

til(' perfol'lnllllce \\lith that resulting from the use of existing controller designs. 
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These results are illustrated in Figures (3-27) to (3-38). From an examination of 

the performance sketches, the following conclusions can be derived: 

1. The simulations show that when the 3rd order nonlinear control is applied 

to either the full or the 5th (Approximation 2) order models, the system 

exhibits high damping with appreciably short settling times. These are in 

the range of 2.5 sec as can be seen in the Figs. (3-28, 3-30,3-32,3-34,3-36, 

and 3-38). 

2. Reduced order nonlinear control is capable of maintaining constant voltage. 

Constant voltage supply is a high priority requirement. Even with 5th and 

full order models, the reduced order nonlinear control assures fast and stable 

respOllse of the terminal voltage as evidenced in Figs. (3-30) alld (3- 36). 

3. Reduced order nonlinear control maintains COllstant frequency. ,,ybell the 

3l'l1 order cOlltroller is applied to the 5th and full order models, the rotor 

Clngle attains a steady value with considerable damping without oscillatiou 

as shown in Figs. (3-28) and (3-34). 

4. Active and reactive powers are kept within the required limits with til(' 

I10Illillear control. The sketches in Figs. (3-32) and (3-38) show swift and 

desirable responses with the reduced order nonlinear control when colllpared 

to the use of a step governor and exciter control as shown in Figs. (3--31) 

ClIld (3-37). 

5. The reduced order nonlinear control ofFers well damped transients without. 

overshoots, whereas with the application of a step governor and exciter 

("out rol, the overshoots were considerable and the transients tra\'(~ll('d over 

a considerable time as depicted in Figs. (3-27 to 3-38). 

6. OptiIllal control developed for the transformed linear system was appli(>d to 

t.he original nOlllinear system. First the llonlinear system is transfol'llwc\ to a 

lin('CIl' system by transformation (T), the optimal linear control is ("OlllPU ted, 

thell t he optimal linear control is transformed back by (T- 1 ) to coIltrol the 

I10IlliIlear system. The results are shown ill Figs. (3-34, 3-36, awl 3-38). 
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These results show well damped responses with a considerably small settling 

time in the range of 0.7 to 2 sec. 

7. Finally, as can be seen from the above results, the 3rd order model derived 

in Chapter 2 has proved to be a good approximation of the full order model 

when performing the controller design. 
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3.7 On-Line Control of Generator 

The controller design conducted thus far ha.ndled specified constant load 

conditions. However, in real life the loads can vary. This fact necessitates the 

design of an on-line nonlinear controller to cope with the load variations in the 

network. The design in this case consists of the controller design discussed pre

viously (viz., the given nonlinear system is transformed into a controllable linear 

system; standard linear controller design techniques such as Bode plots, pole place

ment, and LQR are used to design the input control; the input control is trans

formed back out into the original coordinates to obtain the input control in terms 

of the available states of the nonlinear system) plus a step to update the controller 

parameters corresponding to the variations in the load. 

1\'1eyer (1 9S1) has described a method to design an exact nonlinear llWtlel 

f()llowillg au t,opilot for vertical alld shurt take-off aircraft. In this lll<,t!1Od, the 

t.ra.nsfol'ltlat.ion values are recomputed on-line along the system trajectory OI1('e 

every 0.5 sec, and the control II is updated once every 50 msec. Based 011 the 

lleed for a fairly quick updating in the control of a power generator (nwxilllulll 

allowable time before recovering from a fault in a power system is 2 secouds), the 

lllethodology used by Meyer (19S1) for autopilot is of considerable int.erest.. A 

st.ructure of the complete proposed control scheme for a synchronous gellerat()r is 

S\1O\\,l1 ill Fig. (3 39). 

OUI' objective iu this section is to design a nonlinear integrated ex('itat.ioll 

and governor control system so that the closed loop system is stable over a large 

region in the state space, and asymptotically tracks the nominal terminal voltage, 

frequeucy, and tie-line power flow under load and parameter variations. 

The design procedure can be developed as follows: 

(1) The terllliual voltage aud the generator output power are givell by the (c'

quatious (2.3.22 2.3.28) 
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(3.11.1) 

(3.11.2) 

For the 3rd order model, we have 

(3.11.3) 

(3.11.4) 

ASSlllllillg Ht = 0, and inserting the current equations (3.11.3 and 3.11.4) illto the 

t.erminal voltage equations (3.11.1 and 3.11.2), we get 

FrotH Eq\l(\tioll 2.4.G, 

nIld 
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where the k-parameters are defined in Chapter 2. The differentials of Pg and VI, 

when b andlj; f are perturbed, can be written as 

[ 
dVt ] = As [ db ] 
dPg d'IjJf 

which can be solved for db and d'IjJ f to yield 

[ db] = A-I [dvt ] 
d'IjJf s dPg 

Let 

and 

where (VI ).," and (Pg ),," denote the steady-state values corresponding to the steady 

st.ate values of the inputs b"", (1/Jf)"s. The desired values v; and P; which depeud 

on the input values 

aud 

Illay now be obtained by solving the following equation 

The st.eady-state errors in VI and Pg due to the paramet.er variations can b(' reduced 

to zero by changing (j audit,! at the instant t" by L~=l 6.b(t,) aud L~-=l6.l,'f(f,) 
1'I-SI)( -ct i \"(-ly. 

(:2) Transform the desired state Xd (rotor angle be and field fluxlPe, theu addiug 

the difference of t3.b and t3.1j; f to it) and states of the nonlinear plaut .r to 

the z-space by using the transformation 

z( t) = T( :r( t) ) 



Then track Zd(t) = T(Xd(t)) . 

(3) Now we have two linear systems 

and 

i = Az + Bv . 

Then z is compared with Zd to obtain the error 

The dynamics of this error can be described by 
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By using linear feedback, we can make the error go to zero by placinp; the 

poles of the linear system in the left half plane. 

Let 

where J{ is an m x n matrix so that 

e: = (A + BJ{)e: 

Thell choose a J\" such that A. + BJ{ has eigenvalues in the left half plnlle. 

(.:1) The cOlltrols 1'£1 and bv are added and transformed through the inverse lllap 

T- 1 to give a control u which is applied to the plant. 

The performance resulting' from this scheme is showIl in Fig. (3-.:10) aml 

(3~41). For sill1ulatioll, the sallle parameter values for the 31'<1 order nllllt.i-illJlltt 

lll()(lel CIS Itsed in Section 3.4 were used here. In each simulation, a reference input 

traject.ory dependent on the terminal voltage and output power was provided anel 

the Olttpltt was made to track it. The results shown in these figures are those 
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from the on-line control scheme. The nonlinear transformation is applied to 

the generator and maps it into the linear form every 0.5 sec, thus keeping track of 

the input trajectory at each step. In this case, variations in the load voltage and 

power are being incorporated in the nonlinear control at each 50 msec. 

The advantage of using this type of control is the fast tracking of the ro

tor angle (within 0.7 sec). The fast tracking enhances the synchronization of the 

generator with the system and makes it more robust to any sudden fault or load 

variation. 

3.8 Some Further Remarks on Controller Design 

The theory of transformations of nonlinear systems to corresponding linear 

systems was applied to the design of a nonlinear controller for the synchronous gen

era.tor in this chapter. For the nonlinear mathematical model developed in Chapter 

2, we sllOwcd that. the necessary and sufficient conditions for trallsfol"lllability Hn' 

satisfied. The transformation scheme is the most crucial step in the llonlinear COll

troller design. It is an integration of several transformation methods which can 

1)(-' represented as logical blocks. The mapping which takes the nonlinear lllodel to 

the cOlTesponding linear system in a canonical form was constructed by solvillg a 

systelll of partial differential equations. Following this, standard lillear controller 

design techniques such as pole placement and LQR were used to find the linear 

input controls. The input controls were transformed back into the original coordi

nates to obtain the input controls in terms of the available states of the original 

nonlinear syst.em. 

TIl<.' nonlinear controller designed here provides better performance dwrac

teristics than the controllers which are currently used for synchronous generators. 

In particular, one may expect to achieve the following advantages: 

(1) Sllloother transient response. 

(:2) Superior steady-state performance. 

(3) nohllstncss t.o faults in the system. 
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In fact, from an eva.luation of Figs. (3-4 to 3-18), the following conclusions 

can be drawn. The nonlinear control offers a better transient response, because 

the control model follows the original model to a large extent. On the other ha.nd, 

in linear control, a high gain is needed to shift the poles farther into the left half

plane in order to obtain acceptable performance. In the other words, it takes 

lower feedback gains in the nonlinear control than in the case of the linear one and 

thus, the nonlinear control reduces the disadvantage of high gains which makes the 

system more sensitive. 

Nonlinear control eliminates the need for integral control. This can be Sf~en 

by the fact t.hat the steady-state response with nonlinear control is unaffected by 

the size of the feedback. On the other hand, the steady-state response with linear 

controls is heavily dependent on the feedback, which necessit.ates the illcorporn

t ion of ill t(',!!;ral ("on t rol in order to compensate for t he large steady-state l'lTOt'. It 

is also wort.h mcntioning that the introduction of integral cOlltrol lllay lower the 

mntrollahility of the system (Porfer and Power (1970)). 

Referrillg to Figs. (3-19 to 3-26), a major advantage of the nOlllincar l"Olltrul 

nll1 be observed. It is the rapid adaptability of the system, controlled hy tll<' 

nonlinear control, in the case of the occurrence of a fault in the network. Thus the 

llonlinear control provides a good solution to the transient stability probleill. This 

is due to the fact that. the system under nonlincar control maintains stability <It 

t.he point. of interruption and regulates itself quickly to the new conditions. 

However, a software program using the differential geometry algorithm re

\'('akd a disadvantage while employing it in the design of the nonlinear control. For 

generator models of high order, even though the conditions for transfol'lllability 

were satisfied, no solutions could be obtained. In the generator example, the high

I'St. 1llOdd order that sa tisfiecl the transfol'luation cOlldi tiOllS was SeVell. Ho\\'c\,l~r. 

t he algorithm failed due to the fact that when the ALGSYS facility of ?vIACSYrvIA 

('lll'Olllltl'rs a lllultivariate equation that contains floating point approxilllatiuns, it 

doC's llOt. attelllpt to apply exact methods to such equations because of its failure to 

find I'XHCt solutions at an earlier stage. As a result, an error message is display('(l. 



To overcome this problem, a reduced order controller was used on the higher order 

models (5th and 7th order) whose performance is depicted in Figs. (3-27 to 3-38). 

In real life, loads are variable. Hence, the design of an on-line nonlinear 

controller for the synchronous generator was carried out as shown in Fig. (3-39). 

Basically, what this scheme implements is the integration of excitation and governor 

control so that the closed loop system can maintain stability while asymptotically 

tracking the nominal terminal voltage, frequency, and power flow under load and 

parameter variations. 

In sUlllmary, the nonlinear control developed in this chapter can be used to 

execute, without approximations, the same tasks that the linear control does <Ind 

it ofFers several advantages as illustrated above. In Chapter 4, we shall discuss a 

techllique used to design a nonlinear observer for power systems where a lllinilllal 

knowledge of the system is required. 
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CHAPTER 4 

DESIGN OF NONLINEAR OBSERVERS 

4.1 Introduction 

The assumption that all the states are available for direct measurements 

IS essential for applying a general state feedback control. In practice, however, 

the states of a synchronous generator are not all available for direct measurement, 

This shortcoming leads to the need for reconstructing (observing) the st.ates of 

the machine, The observer design problem has received consiciern bk :I rtc'lltioll 

by many researchers, Two different approaches for constructing all (lh;;( 'I'\'cr for 

nonlinear systems hnn' been used, The first approach consist;; of ('()ll;;tl'lll'tilig <I 

linear observer based Oil a linearized model of the lloll1illear :;ysteill. wllile tile 

second involves constructing a nonlinear observer using the nOlllilleal' dYllnlllics 

directly, 

Luenberger (1966) first solved the problem of state-reconstruction for lillear 

systems, The observer theory for linear systems developed by Lucnbergel' hns be(,ll 

further cxtelldcd by n l1l1111ber of researchers, For applica tion ill POW( 'I' ;;ys (('Ill 

prohlems, whcll con;;trllct.ing a linenr ohsern:r, n lilll',ll' 11lOd('1 f(,l' till' ('('lltro\ (01' 

synchronous lll,tchillc operations lleeds to be assullled, Ho\\'('\'CI'. I Ill' ,I;;~ 11111 P t. i()ll 

of a linear model is questionable since real machine models are nOlllincar. Despite 

this limitation, considerable attention has been given to the use of linear ohservers 

in power systems, Armugam and Ramamoorty (1972) have designed a dYllamie 

observer for synchroIlous generators based on the linearized Park 11iOdd ,Iud lUI\'(' 

applied optimal control using the ~)bserved state values, This OhS('I'\'(T gi\'(';; r,ltl\('r 

poor results ill transient-state estilllation, Ueda et nl. (197G), T;d,<lt:l ('t ;d. (1077) 

and Veda ct al. l197/), have inn'stigated the clcsigll of ohs('rn'rs Il;;iug di;;('['('ti' 

lincarizr'd lllod('is, Their lllet.hod, ho\\'(>\'el', Joes llOt. satisfy ti[(' trallsi('1l1 :-it:t1Jil

ity requirelllellts, III addition, they have used a. high-gain excit.ation ('olltrol. In 
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1978, Quintana and Moharram also applied a linearization method for designing 

a minimal-order observer but the method suffered from similar problems. !vIin 

and Shing (1981) have also discussed an observer design method based on a lin

earized model of a synchronous generator. However, this method is not completely 

satisfactory for handling sudden faults and to ensure transient stability. 

The main drawback of a linear observer is that in general it does not exact

ly correspond to the real machine systems which are nonlinear. A linear ohserver 

yields rather poor results in estimating the states under transient conditions, re

sulting in large deviations between the real state vector and t lw ohse1"\'('1" 5tn te 

vector. Accurate observation of the states under transient cOlldi t iOlls II1Cl.\· ollly 

be performed via nonlinear observers which need t.o 1)(' de\·(-·lop(,d llsill).; ll()llliIH'<lr 

models of the synchronous generator. 

The topic of nonlinear observer was first discussed by Thnll in 1073. He lUIs 

presented a design procedure for a nonlinear observer in which til(' COIJ\·('rl.!/'I}("C' of 

the reconstruction error to zero has been examined in cert.ain special cases. KOIl et 

al. (1975) have also designed an exponential observer for nonlirwilr s~·st('lllS. :'InrC' 

promising resul ts have been obtained by applying differenti,ll ).;( '( HI wt r~' lllC't hods 

in the constrllction of nonlinear observers. This was init.iated h~' Best I" Clwl Z('itz 

(1983) who have derived an observer form for nonlinear systems using lllcthods 

of differential geometry. However, this approach did not suggest procedures for 

solving the nonlinear partial-differential equations arising in the task uf filldill).!; n 

transformation to the observer canonical form. The noniinearities in their s~'ste1l1 

were functions of the output only. Nevertheless, what Bestle and Zeitz lIn\"(' ;l(TOlll

plished is significant. because it opened t.he door for researchers to nt t('lllpt to sol\"(' 

the nonlinear partial-differential equations in order to find the reqllired ()bs(~nu' 

canonical form. The first solution has been given by Krener and Isidori (1083) 

for the single-output time-invariant case. They have formulated the llccc'ssClry awl 

sufficient conditions in terms of Lie algebra for the existence of stClt(> co()rcliu(ttc 

tr;111sfor111<1 t iOBS. Krf'nf'r (l nel Respondek (1985) Ilsf'd tl1f' S;lllH' Ill!'t hod f()r ("()ll

srrllC"till,U; ;1 Il()ldilW;ll' (,ilS('lT('r for rll!' lllidti-ol\tpill (·;\S('. III lliis (';\,,". 11",""-'0.;\1\' 
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and sufficient conditions have been found for the existence of output coordinate 

changes to bring the given system into the observer canonical form. A second 

method to solve the Bestle and Zeitz nonlinear observer form was provided by Li 

and Tao (1986). They have used certain rank conditions on matrices for the single

output nonlinear system in order to obtain a new set of llCCeSSCll'Y illal :-'ldficil'llt 

conditions. Later, Xia and Gao (1988, 1989) proceeded in the same direct.ion as Li 

and Tao using the rank conditions to find the necessary and sufficient conditions for 

the multi-output case. Their solution did not need any output coordinate changes. 

Our objective in this chapter is to develop different forms of nonlincnr ob

servers for the synchronous generator which have the ability to hitlldk Inl').!;(' t I'itll

sients. "vVe will first examine the construction of observers based Oil Ill('t h()d~ ot Iwr 

than differelltial geonwtl'y and then discllss in det.ail the COllst,l'l\('1 iUII ll"illL!, dill'('I'

cntial geollletry. The choice of differential geometry t.o dcsigu it Illlllii 1((,;11' ()I>S( '("\'( '!' 

for our system is motivated by the fact that some nonlinear systems can satisfy the 

required necessary and sufficient conditions. This chapter investigates tlw design 

of different types of nonlinear observers for a synchronous generator and ("OllljHl!'<'S 

them with their linear counterparts for different fault clearing tilllC's. It includes 

a software program using symbolic mClni pulations to help til!' us!'!'. \\" ho Illily 1)(' 

unfamiliar with differential geometry llwthods, to ("Ollstl'll('t lI(lltiill('ilr OJ,;-'I'l'\'(,(,;-' for 

both single-output i:llllllllulti-output nonlinear systems. 

This chapter consists of six sections. Section 4.2 outlincs the proccdure 

for the design of the Thau observer and gives the performance of the p;(~ltel'ator 

\vhen this nonlinear observer is in use. The exponential nonlinear observer dill' 

to Kou is analysed in Section 4.3 by examining the simulation results for thl' SYll

chrollous gClleratur whell this observer is implemented. A nOlllillcm olls('!'\'('!' ",hose' 

design iIl\'o!n's the U~(' of diffC'I"<'lltia! g<'oll1ctry is d('\'<'iop('d iliid 11l!'11 ;1]'j.Jj,·d tl) 

til<' gl'lll'l'Ht(ll' ill Sl'l'tiolls -1.4 ull(14,i:i, with Secti()l1 -lA SllOWill,!!, Ill!' ll':-.Itir;-. fill 11((' 

single-output case aud Section 4.5 dealing with the multi-output case. Software 

design programs using MACSYMA are developed in both cases to help tlw colltrol 

design engineer. Section 4.6 evaluates the performance of the observcr designed 
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using differential geometry methods and compares it with the earlier developed 

linear and nonlinear observers. 

4.2 The Thau observer 

Thau (1973) offered an observer design procedure for a nonlinear system 

descri bed by 
x=Ax+f(x) 

(-1.2.1) 
y = Cx 

where x = x(t) : :R ~ ~nis the state vector, y = y(t) : ~ ~ ~1Il is the output 

vector, A. E :RIl x 11. C E :Rill X Il, and f( x) : ~n ~ ~n is a continuous fllllct i()n t li" t 

satisfies a Lipschitz condition in a neighborhood of the origin. The design "SSIlIlWS 

that the pair (C. A) is completely observable and that it is possible to dl<)()s(' n 

gain matrix !\' sllch that the eigenntlues of .10 , where 

.10 = A - KC , (-l.:2.:2 ) 

are in the left half-plane (LHP). Thall proved that the error sigllal gi\"('l1 \'y. 

e=z-x, 

where z = z( t) : j( ~ j(" is the state vector uf the llulllillear ul)~crH'l" 

:: = A.: + f(.:) + I\(y - C.:) , 

asymptotically converges to zero (i.e. limt_co e(t) = 0). 

It may be noted that e satisfies the differential equation gi V(,11 hy 

( = Au e + f(z) - f(.r) = Aoe + f(.L' + e) - /(.1') . (-l.:2A) 

Assuming that !\' is choscll su that all the eigcll\'alucs of Au ha\"C' ll!.'!!,iltin' n'ill 

parts, for allY positive definite matrix Q E :R IlX11 
, there exists a IIlliq1\(' positi\'(' 

defini te P E ~'I X /I sllch that 

P 4 + 4· Tp - ')Q • 0 • 0 - -~. . (-1.:2.0 ) 
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Now, consider the following positive definite Lyapunov-function: 

(-L:2.G) 

The derivative of F(e) along the solutions of (4.2.4) is given hy 

(4.2.7) 

Since the function f(·) satisfies a Lipschitz condition locally, I.e., there exists a 

positive constant L such that 

( -1.:2. S ) 

for all Xl and .f2 ill some region containing the origin, the fullo\\"illp; illl'<[ll;llil.'· (';111 

be obtained, 

(4.:2.0) 

where Amill(Q) is the minimum eigenvalue of Q and Amax(P) is the lllClXllllllIll 

eip;envaille of P. Hence. if /\lIlill( Q)/ Alllax ( P) > L. ,:r( r) is Il<'!!;tlti,'(' ddillit(, illid 

e = 0 is all nSYlllptnticnlly stable' ('([llilihriull1 point of til<' ('IT()!" ,-y,-('111 .\t>tTiiwc! 

by (4.2.4). 

4.2.1 Thau Observer Design for Synchronous Generator 

The single-input model (governor model) developed in Section 2.5 will be 

used to investigate the applicability of the Thau nonlinear observer for the syn

chronous generator. 

Procedure: The follo\\"ing is (l procedure to check \\"lwtlwl" tl\(' lI()llliIW;ll ".",,1('111 

satisfies the sllffici('1I1 couditiou n~qtlin'd for til<' Th,lll 1I01lIillt';I!" ()in';('l'\'('l'. 

(1) Check whether the pair (C, A) is completely observable. 

(2) Find constant L for a Lipschitz condition. 
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(3) Solve the Lyapunov matrix equation by using different observer pole loca

tions, then determine Amin(Q) and Ama.x(P) and check whether the follO\ving 

sufficient condition is satisfied: 

If not, no conclusion can be made as to whether the Thau nonlinear observer 

can be implemented. 

Applying the above procedure to the governor model (as shown by the model 

in Section 2.5 and using parameters in Section 3.5.1), it is noted that: 

(1) The Thau observer requires that the output equat.ion is lillf'lll' which i,; <llr(,<lcl~' 

sat.isfied by the model. The matrices .4 and C charaeterizin,u; I his !!lod(·] of rite 

sYllchronous genera tor ha\'(~ the form 

and 

Sillce 

[

0.0000 
.4 = 0.0080 

0.0000 

1.0000 
-1.0000 
0.0265 

0.0000 1 
-72.4630 J 
-10.0000 

('=[1 0 0] . 

[ 
C 1 [ 1.0000 

0= CA = 0.0000 
CA2 0.0000 

0.0000 
1.0000 

-1.0000 

0.0000 1 
0.0000 

-72.4630 

has rank 3, the system is completely observable. 

(2) The method for determining a constant L for the vector Lipschit.z condit.ion 

(4.2.8) is outlined in vValtman (1986). Let x E 3?1l 3 :1' = [.I'I, ..... ,.,,]'/' nnd 

I·rl = 2::'=1 1·t',1 .:\ \·('ctor \'a!t!<!cl fll!ll:tioll f(t.!J) is sHid Iu ;,,,ti,;i\ .1 Lip"!']lit.1. 

conditioll ill H l'C'giol1 G if V( t,.r) E G 1\.1I(l V( t,!J) E G 

If(t,:r) - f(t,y)1 ::; Llx - vi 
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for some constant L. To relate this to a Lipschitz constant for scalar fUllctions, 

note that if each component fi(t, y) of f satisfies a Lipschitz conditioll witll I'C'S[)('ct 

to each component of Yi of Y with a Lipschitz constant Li, then 

If(t, x) - f(t, y)1 :::; 1!I(t, x), -!I (t, y)1 + ... + Ifn(t, x) - fn(t, Y)I, ( 4.2.10) 

and for each i = 1, ... , n , 

= IIi(t. ·1:1.···. x,,) - h(t. !fl • . 7"'2 ...... 1',,) 

+ Ii ( f, !J 1 , .L"'2 , ••• , XII) - Ii ( t, U I , U"!. • ·1':1 •...•. r II ) 

+fi(t,Yl,···,Yn-l,Xn ) -fi(t,Yl"",YIl)1 

:::; Lilxl - yd + L~lx2 - Y21 + ... + L:,I:rn - Unl 

Let 

L i = In 0:7: (L i , .... L :, ) 

Then it comes Ol1t that 

Now, if 

th('n (4.:2.10) yields 

If(t.·7") - f( t, y)1 :::; LI·7" - ul . 

Thus, if each component of f(t,y) satisfies a Lipschitz condition with n's[wct to 

each component of Y, then f( t, y) 'satisfies the vector-type Lipschitz condi tiOl1 . 

The Lipschitz condition applied to the single-input model yields the follow

ing results. 
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Observing that 

[ fl] f(x) = j~ 

the derivatives of the components of the vector function with respect to :rl are 

given by 

1 EJh 
and L3 = ~ = 0 . 

u:rl 

Using the parameter values given in Section 3.5, we get 

L I - k21 'J k22 _ 0.235 'J( 0.0322) -'J 38G 
'J - + ~ - + ~ - ~l.. . 
- HlL HlL 0.014 0.014 

Therefore, 

LI = ma;!: (L~,L~,Lj) = 21.386 . 

Similarly, the derivatives of the components of the vector fUlIctioll witlt J'('spcct to 

call be c\',liuatec\ as L:'I) = i:))h = 0 . L'')2 = ll!i- = () . L~l = !.l.L.i = () , (lll(\ \I('IIC<' ,r'2 - ( ./: 2 _ u J.' 2 " a 1: ~ 

Also, the deriva.tives of the components of the vector function with respI'ct to ,/::1 

arc L:l = ~b = 0 L3 = iJh = 0 L3 = !!.Ll = 0 'md hence I iJ1:a '2 iJxa '3 aXa ' < - -

Thus the \'alue of L can be evaluated as 

3 

L = L Li = 21.386 
i=1 

(:3) Solve the Lyapullov matrix equu t.ion at the given obscn'er' S pO\l's. illld dl '. 

terll1ine '\lIill(Q) illld '\"IIIJ'(P), Fur executillg tltis. til!' \',d\l('~ "I' /\' ,llld (} ;11" 
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determined as follows. First, poles are chosen to be in the (LHP) noting that the 

distance of the poles from the imaginary axis significantly afFects the settling time 

and the magnitude of the gains. Hence, selecting the poles at 

Ad = {-10.00 + 1.00i, -10.00 - 1.00i, -12.00 + O.OOi } 

a standard pole placement procedure is used to find the required gains as 

J{ = [21.0000 98.0000 0.2639jT 

The matrix (.-l.(j) of tllC' systcll1 C(lll 1)(' obtaincd (IS 

[

-21.0000 
..10 = A - 1\ C = -98.0797 

-0.2639 

1.0000 
-1.0000 
0.0265 

(~'.;)() 0 0 1 -1_.4630 . 
-10.0000 

Now with the selection of the symmetric and positive definite mat.rix 

Oil solving t.he LyaplIn()\' lllatrix eqllat.ion, we g;ct. tilt' j>osiri\'I' ddillirl' S()I!ll illll 

[ 

0.0301 
P = 0.1324 

-0.0081 

Now, computing the eigenvalues of P, 

0.1324 
5.2821 

-0.2452 

-0.0081 ] 
-0.2452 . 
0.0496 

Spce( P) = {0.02G5, 0.03S-L j.:2OG!J I 

the maximum eigennllue /\IlIILX( P) = 5.2969. From PaU'\ and Tocia (1 OS()). t 11(' 

maximum value of ~"'iII(Q) occurs when the matrix Q is the iclentitv lllatrix, which 
max(P) • 

has been selected here. However, 

/\'lIill(Q) 

/\ 111 (/l'( P) 
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It is clear that the condition which guarantees that the observer states wllverge 

asymptotically to the true states is not satisfied for this choice of .10 and Q. The 

procedure was repeated with different pole locations of Ao but still the required 

sufficient condition was not satisfied. 

The problem of monitoring (observing) the rotor angle, speed deviation, 

and power flow is very important in maintaining the system security. The security 

of a power system is defined as the ability to withstand disturua1lCcs urisillg fW111 

faults and unscheduled removal of supply. During the occurrence of such events, a 

nonlinear observer, such as the Thau observer, is required to mClke Slln' that t.he 

actual states are being observed. Before evaluating the performance of the Thall 

nonlinear observer, the following key factors need to be pointed out: 

l. The rotor angle of the system indicates the degree of stability of the systelll 

and the range of stability is the interval [00, 90 0
]. In real life, it is extremely 

important to mOllitor the rotor angle against ,llly f'llllt~ ()r :"dld.\"ll \();II\ 

changes in oreler to rapidly synchronize the generator wi t h rc's\ W(·r to ! he 

power system 1wt\vork. 

2. The speed deviation of the system can be used to maintain a COllstant fre

quency in the power system and is the main function of the govel'llOl" control. 

Maintenance of a constant frequency is the criterion for keepinp; a halnnce 

betweell the generated power and the demand. 

3. Monitoring the input power for the syst.em t.hat. elescrilws the fr('qll('lI(·Y 

stability of the generator is important for achic\"ing a COllst;lllt fn'qlll"lIcy. 

In the following we shall give an illustration of a simulation using t 11<' Thau 

nonlinear observer. This application on a single generator connect.ed to all illfinite 

bus whose schematic is shown in Fig. (2-4) gives us some basic featllre's of fnllit 

monitoring. Let us assnme that the generator is operating at steady .. stnt(' with f, = 

67 0 when a fnllit OCCllrs. A thrcf'-phasf' felldt at the lwginning of rIll' tr;llI"lllissi()1I 

line (point Fl. ,IS sh()wll ill Fig. (2--1), is simulated (HI til<' sillglc-illJ>llt Illlldil1<'<tr 

machine' lllOdd which is dc\"(~loped ill detail in Sectioll ;:) of Cltttpt('r 2. Dw' to 
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the sudden occurrence of the fault, the generator output power decl'<'asc'~ hilt the' 

turbine power remains unchanged, which causes the power angle to illcn'l.Ise with 

time. When the line is reclosed, the generator power increases more than the 

turbine power. This will cause the rotor angle to decrease with time. Simulations 

of three different fault clearing times were conducted in order to examine the effect 

of the fault delay time on the stability of the system. At times of tl = 0.1 sec, 

t2 = 1.2 sec, and t3 = 1.5 sec, the fault is cleared by opening the faulty line. The 

system was fonnel to be stable at t], critically stable at t2 , and nnst.llhl(' clt. t: l , 

In the figs. (4--1 to 4-3) the machine states are identified by solid lill!'~ "lid tltc' 

observer states are identified by dotted lines. 

Examining Figs. (4-1 to 4-3) the following conclusions can be drawn: 

1. The Thau nonlinear observer converges very rapidly to the true :-;tatcs of 

the system within O.4s or less for all the states of the machine. It ~1J()\tld be 

notce! in t!ti~ cont('xt tlwt the ell1illyticill conditi()!l f()l' (·(lll\·(T!.!,(·!I(·(· d,· .. ·,·1,l\ll'd 

by Thelll is only a sllftici(~lIt c(Jndi tion and is Hot !ll!CC':-;SiI ry rill' (.( III \'( 'l'g( 'WT. 

2. \-Vhen the tillle delay in clearillg the fault is iHCl'cascd, t.he Thnll llotllill!.'<lr 

obscr\'(~r cOl1\'crges at the same rate and the convergence is not. aH'('ctccl by 

the delay. 

3. The Than nonlinear observer is able to obsen'e the states during IIllstable 

behavior as illustrated in Fig. (4-3). 

In conclusion, results of the simulations shown III Figs. (-! 1 to -! :3) illlls

trate that t.he observer converges rapidly even when the sllftiei(~llt conditio!l is !lot 

satisfied. This indicates that this condition developed by Thall is too l'('c;trit'ti\'('. 

Hence, a more relaxed condition, such as the one reported by Patel and Toda 

(1980), could be used. This condition has the form 

where 

1 < -(J' 

'\"'I/"(P) 
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where max[Rc,\(Ao)] denotes the maximum real part of the eigenvalues of AD. 

Considering the same model previously examined 

a = max[Re"\(Ao)] 

= max[-10, -10, -12] 

= -10 

The Patel and Toda condition 5.2~69 < 10 is sufficient in this case to guarant.ee 

asymptotically stable convergence of the observer. 

Since the Thelll desigll is restricted to linear outputs, ,I tllOt'(' '!'?;('IHTill <1[>

proach which permits nonlinear outputs will be explained ill the Ilext sectioll. 
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4.3 Exponential Observers for Nonlinear Dynamic Systems 

An exponential observer design approach to reconstruct the states of a non

linear system has been proposed by Kou et al. (1975). They considered the non

linear system 

and the nonlinear observer 

x = J(x) 

y = h(x) 

z = J(z) - K[h(x) - h(z)] 

(4.3.1 ) 

(4.3.2) 

where:r E ~n and:: E ~1l are respectively the states of the system and the observer, 

!J E ~m is the output vector, f('), and h(·) are t:Outiuuously rlitft'!'t'lIti<ll/jt' ill rllt' 

domains 1R1l aud :Rill, and I{ is a n X m gain matrix. 

Kou et al.have shown that if there exists an n X In matrix f{. and n posi ti \'(~ 

definite symmetric n x n matrix Q, such that: 

for all (:c,w) E ~Il x:J?1l where \1.f(x) (resp. \1h(:z:)) is the gradient of f{.r) (resp. 

h(x)) with respect to .r, and € > 0 is a constant, then the clynalllic;t! systt'lll (4.:3.2) 

is an exponential observer for the system given by (4.3.1) and 

1I::(t) - :r(t)11 :::; (12 )~ Ilz(to) - x(to)lle[-( Q'2 )(t-tolJ 
qI 

for all t ~ to where qI and q2 are the smallest and the largest cigellntiucs of q 
respectively, and to is an initial value. A simpler condition for the existcllce of 

exponent.ial observers for a part.icular class of nonlillC'<lr systellls is IIO\\' st<ltt'(1. 

Theorem 4.3.1 

Consider the following nonlinear system 

:i; = A.x + ¢(x) 



y = Cx 

where ¢( x) is a nonlinear vector function. 

If the following conditions are met: 

(a) (A,G) is an observable pair; 
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( 4.3.4) 

(b) there exist two positive definite and symmetric n x n matrices P, q and a 

constant n x m matrix 1( such that 

Q(A - 1(G) + (A - 1(CfQ =-P (4.3.5) 

and 

~ Amin(P) > Ilv ¢lloo 
- Amnx(Q) 

( -'l:.3.G) 

where IIVd>II= = sUPxE3~" IIVd>(.r)ll, then there exists all ('Xj)(lll<"llti,d ()\):O;(T\·(T 

for the abm·e system with the dynamics described by 

i=Az+¢(z)+K(y-Gz) . ( 4.3.7) 

It is further possible to derive a bound for the absolute \·alue of till' (~IT()r 

between the true and the observer states as 

( ·L:3.S) 

for all t ~ 0, wherc :::(t) is obtaincd from the above obsen"Cl· and 

€ = Amin(P) - 2l1Qllllv¢lloo . ( 4.3.9) 

4.3.1 Exponential Observer Design for Synchronous Genel'atol' 

The npproach outlined above can be used for cOllstruct.ill).!; <Ill ('xp()\l<"llri,d 

observer for the synchronous generator by choosing a feedback gaill 11\<1 trix JI:, <IS 

proposed by Kou et ai, such that (4.3.3) is satisfied. Before being able to (\ pply tilL' 

exponential observer to the single-input synchronous generator, we nc(,d to check 
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if the model satisfies the sufficient conditions of Theorem 4.3.1. A check on the 

sufficient conditions for the synchronous generator single-input model is as follows: 

(a) (A, C) is a completely observable pair as checked earlier (see Section 4.:2.1). 

(b) Also from the solution of the Lyapunov matrix equation as conducted earlier 

with Q = I and the corresponding P obtained as in section 4.:2.1, WC' h<1v(' 

Al1I in(P) = 0.0265 

Amax(Q) = 1.0 . 

Hence, from (4.3.7), 

~ 0.0265 "- 2k22 1.:21 _.) 3-8 
.)' r H + H - _1.;) . 
- 1 It It 

This shows that the eigenvalue ratio condition is llOt satisfied. Altlulllglt rile 

sufficient condition for convergence is not satisfied, the simulation results in 

Figs. (4-4 to 4-6) exhibit the following performance characteristics: 

1. The nonlinear exponential observer works for single-output system. This can 

be seen where 

Y = Xl , 

in Figs. (4-4 to 4-6). 

2. The nonlinear exponential observer becomes a lllodel of iI sYlldll'< lIl( )IIS gCll

erator and estimates the state variables of the system even heyond til<' stn hlp 

region of operation (defined as the interval where the rotor angle is within 

the interval [0 0 ,900
]). 

3. The exponential observer converges with approximately the same speed even 

though the time delay in clearing the fault increases, i.e., it converges inde

pendently of the elapse of the fault clearing duratioll. 

From the above performance evaluation studies, it may b(~ coucl1ld('d that 

even though the simulation using the exponential nonlinear observer is f()1lnd to 

converge quite rapidly to the true states, the sufficient condition for gtwl'(mteed 

convergence is still not satisfied. This implies that the existence condi t iOBS stated 
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in Theorem (4.3.1) are too restrictive. Additionally, there is no standard method 

for choosing the matrices J{ and Q in general that would guarantee a desired 

convergence performance. 

The discussion of the previous two types of nonlinear observers (Thau and 

exponential) clearly points out the necessity for a more systematic approach for the 

solution of the nonlinear observer design problem. Which provides the necessary 

conditions in addition to the sufficient ones for the existence of an observer. 
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The design of linear observers and the underlying linear differential equa

tions are easier to handle than nonlinear"ones. Hence, it is desirable t.o lllak<> (I giveu 

nonlinear system equivalent to a linear one by transformation of coordinates. NOll

lillear observer design using methods of Lie algebra was first considered by Krener 

and Isidori (1983). They have studied single-output nonlinear time-invariant sys

tems, without output coordinate changes, and have determined the necessary and 

sufficient conditions for finding the required coordinate transformation. nestle and 

Zeitz (1983) han' also out.lined a different algorithm for soh'iug tlJ(' uoulilJ('ilr oh, 

server design problcrn. The transformation of the nOlllinear syst<:.'lll t.o au (><jlli\';d(>llt 

linear system in the observer canonical form is the most crucial step ill tlwir <11-

gorithm. They h(1\'C also shown the way observers could be constructed for scalar 

output time mriable systems. Later, Li and Tao (1986) have arrived at. a different 

set of necessary and sufficient conditions that are stated in terms of certain rank 

conditions of mat.rices for single-output nonlinear time-variable systellls. 

The design of <1 nonlinear observer using different.ial P;<>()lllC'try I'm sill.!!;1(>

olltput systcllls JJl'()('('cds iI('('ordillg t.o tIll' followillg sclll'llw: 

l. Clwd;illg tIl<' Ill'C(>SS;UY and sufficient conditiolls which illdicate' tIl<' triluS

formability of the nonlinear system to a linear model ill a specific CClllollical 

form; 

2. Finding the nonlinear transformation, i.e., transforming the nonlinear sys

tem to the equivalent canonical form linear model; 

3. Constl'l1ctillg the observer for the equivalent linear sYSt.CIll and I1lapping it 

into all ()Lser\"(~l' for the origillal nonlinear systelll. 

4.4.1 Nonlinear Transformation 

Consider the nonlinear system described by the following equations: 

x = f(x) 

y = h(x) (4.4.1 ) 
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where the state :1: is an n-vector and the output y is a scalar. The vectors f(.l·) : 

3?n -1 3?n and II (:r) : 3?n -1 ~ are assumed to be C= functions (see A ppellelix A) 

anel differentiable within the domains of interest. 

The problem of interest is to find a one-to-one and onto C= (see Appendix 

A) nonlinear transformation T 

where 

x = T(z) (4..:1.2 ) 

or z = T-1(x) , 

sllch tha t syst ('Ill (.:1.4.1) can be transformed to the obserVf'r CH ]lO]liclI) fOl'lll 

0 0 
[ ao(o,,) 1 

1 al(Zn) 
== g(z) (4.4.3 ) - - z-.;. -

0 1 0 an-l:(Zn) 

y = [0 0 l]z , 

where the variable vector (l = [ao(zn), al(Zn) ... an-l(zll)V depends ollly Oil the' 

output y and therefore can be reproduced exactly in the observer. 

To briefly describe the analysis given by Bestle and Zeitz (1983), taking the 

derivative of (4.4.2) w. r. t. time, one gets 

where 

From (4.4.1) and (4.4.4), 

uT = [UT ... aT] 
az aZ1 aZn 

aT 
f(x) = az g(z) 

(4.4.4) 

(4.4.5 ) 

(4.4.6) 



Taking the partial derivative of (4.4.6) w. r. t. Zk 

Note that 
of(T(z)) of (x) aT(z) 

=----

and 
a( aT ) o( aT ) aT( ) o( aT ) 

a; (~) _ aZk __ Z (..,.) _ aZk f(') 
a g",- a a g.,- 0 x Zk x Z x 

Also, from (4.4.3) one finds that 

aT ag( z) aT 
a (k=1, ... ,n-1) 

Zk+l 

-[)T aa 
=---- (1.'=11). 

[)z [)ZII 

011 substit.ution of (4.4.8)-(4.4.10) into (4.4.7), one obtains 

~ = of aT _ ~(aT )f(x) .r k lor '= 1, ... , n - 1 
aZk+1 a:r aZ k a:z; aZk 

aT a(J = olaT _~(aT)f(x) fork=n. 
az aZ Il OJ: aZk ax OZTl 

f\o\\" using the Lie-derivative in (4.4.11) and (4.4.12), one can rewrite 

aT [)T 
-- = ad( - f)-;:;- k = 1, ... , n - 1 
[)Zk+l UZk 

Observing that 

011C can write, in general 

aT = ((/(lk-1 (-.f), aT) .r , ~ a lor Ie = 1, ... ,11 . 
UZk 21 
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(4.4.7) 

(4.4.8 ) 

(4.4.9) 

( 4.4.10) 

(4.4.11) 

(4.4.12) 
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Thus, all the columns of ~~ can be written in terms of the single 'starting vector' 

aT as 
8: 1 

aT 0 aT I aT n - I aT ] az = [((Id (-f), aZ
1 

), (ad (- f) az} ), ... , (ad (-f), aZ
1 

) (4.4.13) 

For determining the starting vector g~ used in the recurrent formulae. one can 

use the identity 

y = h(x) = Zn . 

Taking the partial derivative of the output equation w. r. t. z, it is apparent thl1t. 

a h (x) aT = [0 0 
a.T az ... 0 1] . (4.4.14) 

The first C()IllP01H'llt of (4.4.14) may he written as 

Similarly, Leibnitz's formula (see Appendix A) can be used to simplify tlw second 

clement. of (4.4.14) 

Dh aT . aT 
-a. aO". = (dll, Lt, -a" ]) 
~ -2 -I 

= (d(dh, f), aaT) - (d(dh, aaT ), f) 
z1 Z1 

aT 
= (d(dh, J), aZ

1 
) 

_ I aT 
= L f(dh)-a = 0 

.2'1 

By repeated use of Leibnitz's formula and use of (4.4.12) one obtains t.he followilll!: 

relationship 

Lf(dh)(:r) 0 

L}(dh)(x) aT 0 

(4.4.15) aZ1 
0 

V;-1 (dh)(:r) 1 



Defining the observahility matrix as 

O(x) = 

the starting vector can be written as 

L}(dh)(x) 
L}(dh)(x) 

aT = 0-1 [~l 
aZ1 : 

1 
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where the nonlinear system is assumed to be completely obseryablc, i.e., tIl<' 1'1l11k of 

O(.l·) = n. Thus, the starting vector ~~ is equal to the last column of the i!l\'(~rse of 

the observability matrix. In the paper by Li and Tao (1986), a set of necessary and 

sufficient conditions for the existence of the required transformation are obtained. 

Li and Tao (1986) have also developed a method by which the transformation can 

be obtained easily by integra.ting functions of a single variable instead of soh'ing () 

set of partiet! differential equa.tions. 

4.4.2 Necessary and Sufficient Conditions 

Transforming a given nonlinear system into an equivalent linear one readily 

permits the usc of all available linear system design techniques. H()\\,c\·('l'. !lot illl 

nonlinear systems are transformable and hence it is particularly useful to find t.1l(' 

necessary and sufficient conditions for transforming a given nonlinear Sy:;tclll int.o 

a linear one. 

Theorem 4.4.2.1(Li and Tao 1986 ) 

The !lecessary condition for the existence of a transformation of the form 

(4.4.2) that transforms a nonlinear system given by (4.4.1) into the canonical form 
ar (4.4.3), assuming that system (4.4.1) is completely observable and the matrix ih 

is nonsingular, is given by 

a [[aT(x)l-l.(ad l1 (-f) aT)] 
rank ax az h(x) 'a=1 = 1 . 
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If the necessary condition stated above is satisfied, one may attempt to 

compute the required transformation. If the transformation given by (4.4.2) exists, 

then knowing that hex) = Zn, we can write the following 

aT(x) aT 
b(zn) = b(h(x» = -( a )-l(adn( - f), -a ) , 

Z Zl 

where 

Thus, 

i = O,l, ... ,n - 1 

and from (4.4.3) 
Zi(X) = Zi+l(X) + ai(Zn) 

(4.4.1G) 
= DZi+l (x) + aj(h(x)) 

where 

The inverse tl'<lllsformation is given by 

Therefore, the transfOrlll<l tion and the inverse transformatioll Gill l)(:' O])t.(Iilled if 

they exist. To check whether T and T- 1 exist, the next stated theorem is used. 

Theorem 4.4.2.2 (Li and Tao 1986) 

Assuming t.ha t syst.em (4.4.1) is completely observable and ~~' is nOJ\

singular, the necessary and sufficient condition under which (4.4.2) is a OIH'-t.O-OlJ(' 

transformation is given by 

a 
rank -

ax 
= 1 
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where the rank of the matrix is the result of a row and column vectors multiplicatioll 

whose elements are not all equal to zero; and 

The satisfaction of the previous condition implies that the transformatioll T and 

T- 1 exist and their calculated values would be the required ones. 

4.4.3 Software Program Using Symbolic Computations 

The objective of this program is to construct a canonical observer form for 

sillgle-output nonlinear systems. The program can be used by people who me not 

experts in differential geometry. MACSYMA language is chosen as a basis for this 

development. Furthermore, some subroutines from CONDENSE hav(' 1)('('1l 11S('C\. 

This program will help the user in the design process and reduces the complexity 

of t he design problem. 

The algorithlll is used to check the necessary and sufficiellt. concliti()ll st.ated 

by Li and Tao (198G). Furthermore, the notations of Hunt et a1. (1983) are utilized 

to maintain consistency with the notations used for controller design in Chapter 

3. The algorithm proceeds along the following steps for computing the nonlineClr 

observer for the syst.em described by .f and h functions as in (4.4.1). 

(1) Compute the first (n -1) Lie derivatives of h along f by using the subroutine 

frolll CON'DE\'SE. 

(2) Compute the observability matrix O(x) which is ~iven by 

[ 

Lf~~h) j 
O(:r) = . 

V;-l(dh(x)) 

(3) Check whether O(x) has full rank. 

(4) Determine t.he starting vector qQ, where 
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(5) Com pu te the Lie bracket of f and qo. 

(6) Compute, successively, the Lie brackets of f and qo up to order 71 - 1 by 

using the subroutines Lie and Adj from CONDENSE. 

(7) Construct the qt matrix as shown in (4.4.13) which is given by 

8T [0 8T 1 8T n -1 8T 
qt = - = (ad (-I), -), (ad (-I), -), ... (ad (-f), -)] 

8:: 8z1 8z1 8z1 

(8) Check the necessary and sufficient condition from Theorem 4.4.2.2: 

a.Comput.eb=-(ql)-l(adn(-.f),g~)= [~.: 1 
bn - 1 

b. COlllputc (/i(Zl1) = Jbi(zn)dzn, i = 1,2, ... n -1 . 

c. Compute .\(x) = -ao(zTl) = D l1 h(x) + Dn-I all _1(x) + ... + Do) (.1') 
.\(x) 

d. Check if the rank of ,8
J ( l' 

b) (x) 

bll-d x ) 
hex) 

= 1 . 

(9) If the necessary and sufficient. condition in (8d) is satisfied, the nOlllinear 

system can be transformed into an observer canonical form using (4.4.16). 

4.4.4 Nonlinear Observer Design by using Observer 

Canonical Forms 

The result of applying the technique described above is 10 put tllC llwdd 

into observer canonical form. The nonlinear model described hy (4.4.1) 1)('('()1llC'~ 

easier to handle if it is transformed to the canonical form given by (4.4.3). 

The canonical observer for the transformed system can be written as 

~ CT ~ y = . :: 

( 4.4.17) 



\Ybere 

alld 

o 
1 

o 

o 1 0 

o 1] . 

158 

Koting that the nonlinear terms depend on the output y, the form of the ()bser\'l~r 

cnu be expressed ns 

? = Ell? - a(y) + K*(y - fj) 

The error ill the observation is given by e = z - z. The gain rnatrix J{* call he 

suitably selected to place the eigenvalues of the observer system Il1l1tl'ix E" -1\:*C'I' 

at desirecllocnt.ions, which controls the speed of convergence of the error ( to zero. 

The transformation for the single input model developed in Section 2.5 was 

obtained as shown below 

[

11.92 10 
z = T- 1 

X = 11 1 
1 0 

-72.4630] 
Ox; 
o 

it was computeu by implementing the procedure outlined ill Sect,ioll 4.4.3 \lSlllg 

IvIACSYMA and CONDENSE. The appropriate program is detailed in Appendix 

n. Inverting tIl<' above matrix, the required transformation can be found ilS 

:l'=T·z= [ ~ 
-0.0138 

o 
1 

0.138 
1 1 -11 z. 

-1.3535 



Therefore, the transformed observer canonical form is given by 

y=[O a l]z. 

The observer system can hence be constructed as 

;\OW, for pbcillg the cigel1\'alues of 

[

0 a 
E1/ - ](* cT = 1 a 

a 1 

} .-* ] - \.0 

-](i 
-1<2 

at {-7, -8, -0}, the required gains can be determined as 

150 

To find the observer for the original system, the observer constructed for tllC C<UlOlI

ical form must be transformed back to the original coordinates. This call 1)(' \\'ritt('ll 

as 

I.e. , 

.r= [~ ~1 -72.~6299] x- [-;rSin2(:rl +bof+wSill(.1'j +ho )] 

o 0.026496 -10 a 

+ [ -111{/'i l~i 1~ 109.0S ] (Xl - xd 
-1.3535K2' + 0.13S](i - 0.013S](0' + 13.2437 
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Therefore the feedback gains for the original system are 

[ 
-13 1 

]{ = -36 
-0.1623 

The properties and ad\'antages of this nonlinear observer will be stat.eu c-llld COlll

pared with those of existing linear ones in Sections 4.4.5 and 4.4.6. 

4.4.5 Linear Observer Design 

In order to be able to examine the performance of the nonlinear observer 

designed abm'c in comparison with that of a linear obser\'er, an obserycr based 

011 a linearized lllodel will be developed in this section. Sthrtinp; with tll<' orip;ilJlIl 

lIolllincar system 

:i: = f(:r) x E ~n 

y = h(:r) y E ~m , (4.4.18) 

supposc that f(.) is smooth enough to have a Taylor series rcprcsentatioll of tIl<' 

forlll 

f(:I') = A = f( :1'0) + \1f(:ro )(:1' - :I'()) (4.4.1!")) 

where t.he equilibriulll point is given by 

{ 

XOI = O} 
Xo = X02 = 0 

X03 = 0 

Tbe linearized observer equations for the single-input synchronous p;enerator model 

of Section 2.5 call now be written as 

z = Az + ]{(h(x) - h(z)) 

y = Cz 

where 

[ ",,,O,(2('o)P _ 
1 

- ~L 1 .4= 
k21 cos( 00 ) D 

Nu Nu - Nu , 
0 ....!i.L -1 

7~u'u 7~ 

(4.4.20 ) 
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1\ is as previously defined for the Thau observer in (4.2.2), h( z) IS the observer 

output, and C = [1 0 01 is the output matrix. 

The performance evaluation of this observer by simulations for different fault 

clearing times will be conducted in Section 4.4.6 to illustrate how t.he pE'rformClncf' 

of the linear observer is highly dependent on the duration of the fault. 

4.4.6 Performance of Nonlinear Observer for Single-output 

Synchronous Generator under Transient Conditions 

A three-phase fault at the beginning of a circuit transmission line (point 

F) as shown in Fig. (2-4) was simulated using the nonlinear machine model to 

study the performance of the nonlinear observer based on different.inl geolllC't.ry. Th(' 

following five different fault clearing times were considered: O.lsec, O.5scc. l.Osee. 

l.:2sec, and l.5sec. In addition, ~ E:18ar observer based on a linearized model of the 

generator was also simulated for comparison. This simulation was carried out at 

the above fault. dearing times and with the same feedback. 'When the fmdt clearing 

durations are increased, the transients in the state would increasc until i111 llllstable 

system results for the fault clearing at 1.5sec. From Figs. (4-7 to 4-21), it is clear 

that the observer constructed from the linearized model is 110t highly dlici(,llt ill 

reconstructing the states of the system during such transient conditions. This is 

e\'idellt from the considerably large error between the true state and the observcr 

state. Furthermore, the error increases with longer fault clearing times. On the 

other hand, the Figs. (4-7 to 4-21) illustrate that the nonlinear observer converges 

quite rapidly to the true state and the error is negligible even with increnspd fault 

clearing t.imes. The nbsolute error between the real state and the obse1"\'('r st.ate 

for both linenr and nonlinear observers under different fault clearing tilll<'s is als() 

simulated. 

From an examination of these results, it can be concluded that for syn

chronous generators, the nonlinear observer based on the Lie algebraic (differential 

geometry) method is preferable to other nonlinear observers as well as the linear ob

servers which are in current use. The advantages of this process cnn 1w SllI111m1l'i7,('d 

as follows: 



162 

(1) The difFerential geometry method starts with checking the necessary and 

sufficient conditions for the existence of a transformation. Hence, a trans

formation can be certainly computed and used to construct the nonlinear 

observer if these conditions are satisfied. 

(2) No significant effect of the increase in fault clearing time on the performance 

of the nonlinear observer. 

(3) The ability to accomplish satisfactory observation of the state during un

stable faulty conditions. 

(4) Rapid convergence of the observed state toward the true state despit.e Jarp;e 

initial errors. 

In summary, the nonlinear observer constructed using dift'ercnti;-1] p;eomC'

try demonstrates attractive performance characteristics when applied to a single

output synchronous generator. Next, its behavior is inspected in the case of a 

multi-output synchronous generator. 
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4.5 Nonlinear Observer Design using Differential Geometry for 

Mult.i-Output Generator Model 

Consider the nonlinear system described by 

x = f(x, t) x E ~1l 

Y = h(a.7,t) y E ~m (4.5.1) 

and consider the coordinate transformation 

x = Tz 

z=T- 1 x 

such that the llonlillear system (4.5.1) is transformed into an observer Gll1()llind 

form gi ven by 

where 

i = g( z, t) = Az + a(y, t) 

y = Cz 

T - - (- - j. .,. .,. j. ) ..;.. - ..;:. 1 1 , ••• , ..:.. 1 \ 1 , • • • , ... nIl , . . . , ...., 111 \ fn 

T a(y, t) = (alO, ... ,(L!l,·\-1, ... , a 11l 0,··· , all/I,·", -1) . 

]\1, X"j, ... , XII/ are called the observability indices such t.hat. ]\'j 2: X'l 2: 

... 2: XIII > 0 and L:'~1]e = n. Because the nonlinear terms depend on the 

output y, the observer constructed on the basis of the transformed canonical form 

will be of the form 

z = Az + a(y, t) + K*(y - Cz) (4.5.2) 

This indicates that the nonlinear observer design problem call be solved by eigell

value assignment. 

4.5.1 Necessary and Sufficient Conditions 

III order for a nonlinear system to be transformed into a linear one, the 

following necessary and sufficient conditions should be satisfied. 
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Theorem 4.5.1.1 (Xia and Gao 1989) 

A necessary condition for the system given by (4.5.1) to admit an observer 

form (4.5.2) is the existence of solutions g\ ... ,gm satisfying the equation 

( 
j-I ( ) aT} c L f dh p , aZil = ui,p.8j,Ki' P = 1, ... , mjj = 1, ... , 1\j (4.5.3) 

snch that 

(4.5.4 ) 

where 

aT 
9 = -a _ ' h p (T( z )) = C'pz, P = 1, ... , m , 

-"II 

8 is the kronecker delta, and 

o 1 0 ... 0) 

with the unit element being in the O:=f=l ](i)th position. 

Theorem 4.5.1.2 (Xia and Gao 1989) 

The system givcn by (4.5.1) admits an observer form (4.5.2) if alld only if 

(i) the system is oLservable with observability indices ]{l, ... , 1\.-/1/ allt! the ('

quality 

span Q n Qj 

for .i = 1, ... ,171, holds; 

(ii) there exist solutions gl, ... , g711 to (4.5.3), with 9 substituted in place of au:r 
·01 

such tha t condi tion (4.5.4) is satisfiedj 

(iii) if one dCllotes an 1Hn x 171 matrix Sex) as 



ISO 

then S( x) is block symmetric, i.e. 

--- T 
S(x) = (S(x)) 

These necessary and sufficient conditions can be checked using a computer 

program. The algorithm that can be followed for such a test is outlined in the nC'xt 

section. 

4.5.2 Software Program Using Symbolic Computations 

The algorithm outlined below is aimed at constructing an observer canon

iCed form. \iVhen the system under consideration is transformed into the required 

canonical form, linear techniques can be simply used in the design of the nonlin

ear o1.>scrn'l'. First. the necessary and sufficient conditions arc checked. Theil. tll!' 

nonlinear systCl1l is transformed into an observer canonical forlll. TIl<' prop()sed 

algorithm proceeds as follows: 

(1) Comput.e the (1\-111 -1)th Lie derivatives of h along.f by usillg the sulmmt.in(> 

Nlidev from CONDENSE. 

(2) Compute the observability matrix O(x) 

O(x) = 

(3) Compu te the rank of the observabili ty matrix 0(:1:) and check \\' hether O(.r) 

has full rank. 
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(4) Find a solution g1, . .. , gm from the following 

(dhj,g) = 0··· (dhi,g) = 0 

(Lfdh1,g) = 0··· (Lfdhi,9) = 0 

(dhi+l,g) = 0··· (dh".,g) = 0 

(Lfdhi+1,g) = 0··· (LfdhT1/,g) = 0 

(Lkl-1dl ) a (L ki-1dh ) (L ki +1dh ) a (Lkrn-1dl )-0 f 11,g = ... f i,g =1 f i+hg = ... f III/,g -

and this is equivalent to the solution: 

(5) Comput.e the Lie brackets until J(m - 1 by using the subro\lt.ill<·~ Lie 1111(1 

Adj frolll CONDENSE. 

(G) Check the necessary and sufficient conditions from Theorem 4.5.1.2. 

(7) Compute hi'S such that 

If bi '5 are functions of y(i.e., Zl k1, . .. ,Zm kT1/) solve the following eq11ations: 

(8) Compute the state transformation: 

Zll (x) 

Z = F(x) = 



as follows: 

Z i k i ( X) = hi ( x ) for i = 1, ... , m, 

for i = 1, ... ,mij = ki-l,ki-2, ... ,2,1 

(9) Finally, redefine 

4.5.3 Nonlinear Observer Design and Simulation 

for Multi-output Synchronous Generator 
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The algorithm outlined above is implemented in a software program that 

is used to transform the multi-output nonlinear models of synchronous generator 

to canonical form.The necessary and sufficient conditions for the existence of the 

transforma tion arc checked by the program as the first step. 

If the culldi tions are checked, the program transforms the nonlinelll' lllOdcl 

of the multi-output sYllchrollous gellerator to the canonical observer form 

wbere 

~ ~l z - [:~~~~~l + J(*(y - fj) 
a a a20(Y) 

and y = [~ 1 
a 

From the software program results (see Appendix n) the illversc trallsforlllClt.ioll 

required may be obtained as 
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where Tg and HlI are model parameters. Then the feedback gains for the original 

system can be determined by transforming the observer canonical form back to the 

original system coordinates and these are given by 

[ 

-K;2 
K = 0 

o 
o 1 10 - K;l 

-0.138K;1 + 0.0138K;o + 1.38 

The value of the gain matrix K* can be found by choosing the eigenvalues 

of the closed loop system in the LHP. Then from it the matrix ]( is determined. 

A three-phase fnult nt point (F) as shown in Fig. (2--4) is sin11llatc'd Oil tIl(' 

lllulti-output llonlinenr machille model and the observer performal1cc is studied 

for two different values of clearing time of O.lsec and 1.2sec. These results are 

illustrated in Figs. (4-22 and 4-23). It is evident that results similar to those in 

the case of the sillgle-output machine are obtained. 

4.6 Performance Evaluation and Conclusions: 

Threc ])!'o('('dut'cs to design a nonlinear observer have ])('('11 illn'stigatcd ill 

this chapter for application on a single synchronous genera.tor connected to an 

infinite bus through a transformer and transmission line. All three nonlincar ob

sen'ers were simulated on a VAX 11/780 machine utilizing ACSL program and 

t.ested under different conditions involving small and large disturbances and for 

different fault clearing times. A fairly accurate state reconstruction performance 

W,\S provided by each of the three observers. However, the TheHl and the expo

nential nonlillear obsc1'\'ers exhibited several drawbacks. The Thau 0])8('1,\,('1' dc'sign 

did not include a systematic technique for the construction of the llol1lil1eal' ob

server. but involved only a sufficient condition for the asymptotic stahility of the 

error system. The nonlinear model of the synchronous generator did not satisfy the 

sufficient conditions of the Thau and the exponential nonlinear observers. There 

\\'(1S lIO dell!' llH't hod for rhonsing the matrices ]( and Q such that t)J(' lJ(lIdill('<Ir 

t Iii' s~-st('m dYI1<llllics had t() he illcluded in the observer Cllld t hlts iI kll()\\']('c1,!,!;(' ()f 

these llol1lil)('(\\'iti('s \"ilS ('ss<!lltiill. In "iew of the afor(,ll1cntinl1ed drC\\\'l!jl('ks ()f tlj(' 
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Thau and the exponential nonlinear observers, the method based on differential 

geometry holds significant advantages. 

The differential geometry method offers attractive features, where the main 

properties of the real nonlinear systems are conserved. This fact yields an observer 

which can handle large disturbances in power systems. Some principal advantages 

of using this method were: 

(1) The necessary and sufficient conditions for the existence of a transformation 

in the design of the nonlinear observer were satisfied for the synchronous 

generat.or model. Hence, there is no ambiguity in the construction of t.lw 

obser\'(~r. 

(2) The errOl' between the true and the observer states manifested onl~' at t.ll<' 

beginning of the simulation time due to the difference in the initi.d "alues 

and it disappeared very quickly thereafter. 

(3) Rapid convergence of the observer states to the true stat.es was ohserved. 

Convergence was attained within an elapse of 0.5 sec. 

(4:) The method worked equally well for both single-output and multi-output 

systems. 

(5) The observer was able to observe the states through the regions of insta

bility (where the rotor angle is beyond the interval [0°,90°]). Also, the 

performance was not significantly affected by the fault clearing time delays. 

The main drawback of this method, however, is that the output should be 

a function of the nonlinear terms. This problem can be avoided when a different 

technique based on the use of Neural Networks is used. This technique will be 

discussed in detail in the next chapter. Nevertheless, the differentialg(>onH'try 

method provides an attractive means for developing a nonlinear observer tlllll. would 

handle large transients in a power system. 
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CHAPTER 5 

ADAPTIVE EXCITATION AND GOVERNOR CONTROL 

OF SYNCHRONOUS GENERATORS USING MULTILAYER 

RECURRENT NEURAL NETWORKS 

5.1 Introduction 
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In this chapter, we will explore a new technique for tackling synchronous 

generator control problems that contain significant nonlinearities with an emphasis 

on on-line implementation. To highlight the importance of such a scheme in prac

tical applications, it may be noted that at present the electrical system security 

programs have not been integrated into the operating environment as satisfacto

rily as the economic generation programs, primarily due to the nonavailability of 

efficient techniques for on-line identification and control of the system dynamics. 

According to recent forecasts, an average growth rate of 2 percent can be expected 

within the United States and Canada as explained by Denny (1988). This mean

s that approximately 110 G\V of new generating capacity will be needed by the 

year 2000 which entails that power systems are growing in size and are becoming 

increasingly complex in function. Besides, large power stations are usually built 

these days quite far from the load centers. This introduces the risk of dynamic 

instability under certain circumstances. More advanced control schemes will hence 

be required to stabilize the system and match future supplies with demands. 

For the technique used in the previous two chapters, the primary idea was to 

cancel the nonlinearities of the system by using a coordinate transformation of the 

state, input, output, and feedback. Thus, nonlinearities were introduced into the 

controller to improve performance of the system. Although the results of this ap

proach are quite attractive for the realization of the controller and the observer for 

the synchronous generator, the exact nonlinearities need to be known. In order to 

oycrcome this drawback linear adaptive control could be tried; however, the highly 
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nonlinear dynamics of the synchronous generator make such an approach inaccu

rate. It is hence essential to use extremely fast adaptive techniques by identifying 

the nonlinear dynamics and satisfactory techniques are not available. 

In recent years, approaches that employ artificial neural networks have 

proven to be good tools to model the nonlinearities of a given system. Neural 

networks provide a solution to several interesting identification and control prob

lems. Such an approach can be used for on-line adaptive control without the need 

to know the exact nonlinearities of the system as in difffrential geometry-based 

methods. Also, the parallel nature of neural networks provides fast adaptation to 

the system under control. 

In this chapter, we shall present a novel neural network structure for the 

design of an adaptive control strategy for a single synchronous generator unit con

nected to a large power system through a transformer and transmission lines. Both 

excitation control and governor control mechanisms are developed by exploiting 

the input-output mapping capability of trained neural networks for identifying the 

nonlinear system dynamics. A multilayer network architecture with a hidden lay

er that permits recurrent connections will be used together with a LMS updating 

rule for supervised training in order to realize superior performance features in the 

excitation control and the governor control schemes. 

This chapter consists of 7 sections which are organized as follows: Some 

basic concepts of neural networks will be explained in Section 5.2 in order to in

troduce the development of neural network models discussed in this chapter. The 

learning process in neural networks is discussed in Section 5.3 and a specific train

ing algorithm for a class of recurrent neural networks is outlined. Once the system 

is adequately identified through learning, the model will be used in the control 

of the system as will be seen in Section 5.4. Neural network-based identification 

and control will be used to evaluate the performance of the synchronous generator 

in Section 5.5. Identification and control of a turbogenerator will be explained 

in Section 5.6. Finally, we will conclude this chapter with Section 5.7 where the 

properties of the neural network-based control obtained are discussed. 
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5.2 Neural Network Models 

Different neural network configurations are available in the literature (Simp

son(1990), and Sundareshan(1990)) ; however, special consideration will be given to 

the network architecture used in our application. In order to introduce the neural 

network model, some terminology needs to be explained. The basic element in neu

ral network models is the cell, node, computational element, or processing element 

(PE). It consists of a summation of n weighted inputs which is passed through a 

nonlinear function (typically a threshold function), f, as shown in Fig. (5-1). The 

output ~ y(t), can be described as follows 

n 

y(i) = f(L WiXi(i)) (5.2.1) 
i=l 

where ;r i denote the inputs, y( i) is the output, and Wi denote the weights, and f 
is a nonlinear function that satisfies the conditions: 

i) :rf(x) > 0 V x E lR (first and third quadrant function) 

ii) limllxll ---+ 00 f(x) = k Sgn (x), I..~ > 0 (saturating function) 

iii) f~~:ll) ~ ft;22) V II:rlll::; IIx211 (nondecreasing function). 

The nonlinear function, f, can take different shapes such as the hard limiter, 

the threshold logic and the sigmoid. The last one has proven to be the most flexible 

to use in modelling. These functions originated in the realm of biology, but they 

have been proven to be realizable in hardware as shown by Mead and Conway 

(1989). 

Different network architectures can be generated out of these PEs. The two 

most commonly used architectures are: Multilayer Static Networks and Recurrent 

Dynamic Networks. 
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Fig. (5-1) Basic Processing Element (PE). 
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(A) Multilayer Static Networks 

The typical structure of this network consists of one input layer, one output 

layer, and a number of hidden layers as shown Fig. (5-2). In such a network, the 

signal flow from one layer to the other is only in the feedforward direction and 

no feedback is used. The response of a static network is immediate because the 

time constant of the PEs is not modeled. Feedforward networks can be considered 

elaborate nonlinear function generators. These networks have no memory because 

they have no feedback connections. Information is stored only through weight 

adjustments. 

For a representative three-layer network, each layer \vould be represented 

by the operator 

(5.2.2) 

where :1' is the input, wi is the weight matrix, and f is a nonlinear function which 

satisfies the previously stated conditions. The output would be represented by 

( 5.2.3) 

Some recent results (Cybenko 1989, Hornik et al. 1989, and Funahashi 1989) have 

shown that a three-layer static neural network can approximate any nonlinear func

tion of interest as long as enough hidden nodes are available. Moreover, simulation 

results have indicated that the more hidden layers we use, the fewer PEs are needed 

in each layer in order to obtain satisfactory results. So far, the optimal number 

of hidden layers has not been determined. The needed number of layers and the 

number of nodes in each layer for a specific approximation problem are usually 

found through trial and error. 

The use of multilayer static networks for nonlinear function approximations 

has been extensively studied in various applications. The application areas include 

nonlinear prediction (Werbos 1988), control (Narendra and Parthasarathey 1990), 

and signal processing (Lapedes and Farber 1990). This type of network has proved 

to be most successful in pattern recognition applications ( Burr 1988, Gorman and 

Sejnowski 1988, Sejnowski and Rosenberg 1987, Widrow et al. 1988). 
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(B) Architecture of Recurrent Neural Networks 

An alternative approach to pattern recognition was suggested by Hopfield 

(1982) and was extensively studied in both continuous and discrete time settings. 

Hopfield used the recurrent dynamic network approach. The structure of the net

work consists of PEs with feedback delays in discrete-time systems and feedback 

integrators in continuous-time systems as can be seen in Fig. (5-3). Applications 

of this approach have been successful in associative memories as well as in the 

solution of optimization problems (Hopfield 1982, Hopfield and Tank 1985, Tank 

and Hopfield 1986, and Sudharsanan and Sundareshan 1990). A serious problem 

with most recurrent networks is their tendency to become unstable as the weights 

are adjusted. 

Among the large number of studies on the properties of multilayer neural 

networks recently reported, two specific results could be isolated as more funda

mental to the use of neural networks for adaptive control. These are (i) the rigorous 

establishment of the capabilities of a three layer static feedforward network with 

one hidden layer in providing approximations to arbitrary continuous functions 

(Cybenko 1989, Hornik et al. 1989, and Funahashi 1989) and (ii) the identifi

cation of the advantages resulting from the introduction of recurrent connections 

in nonlinear mapping applications (Almeida 1987, Pineda 1988, Sudharsanan and 

Sundareshan 1990). Drawing motivations from these results, we shall employ a 

3-layer network with one input layer, one output layer and one hidden layer con

sisting of n nonlinear neurons with recurrent connections, for approximating the 

mapping between an input vector z(k) = [zl(k),Z2(k),,,,zm(k)f applied at in

stant k and the corresponding steady-state output y( k). The dynamics of the 

network in Fig. (5-4) are described by 

v = -v + W~(v) + BZ(k) and y(k) = hTv* , (5.2.4 ) 

where v E 3?n, ~(.) : 3?n ~ 3?71 is a vector-valued function with sigmoidal elements, 

W E 3?1l X 11, B E 3?1l X m and h E 3?1l specify the interconnection weights. 
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Fig. (5-4) Architecture of the Dynamic Neural Network. 
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Explicit conditions for the convergence of the network dynamics to a sta

ble equilibrium state and certain guidelines for tailoring the sigmoidal nonlinear 

functions in order to achieve a rapid exponential convergence are given in (Sud

harsanan and Sundareshan 1990). 'When the network reaches a steady-state v* 

which is given by 

v* = W~(v*) + Bz(k) , (5.2.5) 

the output is read as y(k) = h T v* = h T[W~(v*) + Bz(k)). 

5.3 Training of a Recurrent Neural Network 

The most important feature in neural networks is learning, that is, to adap

t the connection weights to improve performance based on current results. The 

learning techniques can be categorized into two classes: supervised and unsuper

vised training. For a supervised training scheme, specific quantities of the error 

are needed, whereas for unsupervised learning techniques only minimal informa

tion, such as the signs of the error, are sufficient. Supervised training of neural 

networks is attractive because it is fairly easy to implement. The network, how

ever, is kept in an unproductive learning phase for a long time before the learned 

knowledge can be applied to solve real problems. In unsupervised learning, the 

network can be used immediately, but it will produce increasingly better results 

as time passes (Cellier 1991). Learning is accomplished by comparing the current 

input-target pairs with previous similar input-target pairs. Currently, the super

vised learning algorithm that is most widely used is the error backpropagation. In 

this section, we briefly outline the essential details of this approach as originally 

developed for multilayer static networks and indicate the procedure for recurrent 

dynamic networks as developed by Sudharsanan and Sundareshan (1990). 

Understanding the backpropagation learning method in static networks 

serves as a good vehicle for getting acquainted with the learning in recurrent net

works which will be used in our application. The idea of the backpropagation 

algorithm is to let the error propagate backwards from the output nodes to the 

input nodes through the hidden layers to adjust the weights by a gradient de

scent approach. The backpropagation training algorithm, as in Guckenheimer and 
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Holmes (1983), is an iterative gradient algorithm designed to minimize the mean 

square error between the actual output of a multilayer feedforward network and a 

desired output 
n 1 

E(k) = L 2(Yd(k) - y(k))2 , 
k=l 

(5.3.1) 

where n is the number of nodes in the output layer, y(k) is the actual output and 

Yd(k) is the desired output. 

The backpropagation training can be employed for recurrent networks as 

well. It was Almeida (1987) who generalized backpropagation for use on recurrent 

networks. However, because of the recurrent nature of the connections, implement

ing the updating equations becomes quite complex. Later, Pineda (1989) developed 

an excellent learning scheme for dynamic recurrent networks. His scheme, however, 

needed to invert a matrix at each updating step. This results in an increase of the 

numerical errors in computer implementations for large networks. Sudharsanan 

and Sundareshan(1990) developed a different learning algorithm which was experi

mentally proven to be better than the standard backpropagation that needs a very 

large number of iterations to get a reasonable error value and rapid convergence. 

The various steps in this procedure can be briefly outlined as follows: 

(1) Initialization: 

All weights in the interconnection matrices W, h, and B of the network 

described by (5.2.4) are randomly chosen values. 

(2) Selecting Input and Desired Output: 

The input vector z(k) E ~m should be selected as a signal rich in frequencies 

(such as a sum of sinusoidal signals) in order to cover all the frequency spectrum 

in which the system is expected to function. A set of desired scalar output vectors 

Yd( k) are specified to describe the desired dynamic behavior of the system. 

(3) Calculating Actual Outputs: 

Use the sigmoid nonlinearity 

(5.3.2) 
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to calculate t.he outputs y(k) associated with the input vector z(~:) (where f3 is the 

sigmoidal gain). 

(4) Weight Adjustment: 

For minimizing the error in the output, we use the norm 

(5.3.3) 

where k denotes the updating time step, Yd(k) is the desired output and v* is the 

equilibrium state of the network. The updating rule for the weights of interconnec

tion matrices h, W, and B for minimizing the error in (5.3.3) can be obtained as 

given below. 

hiU + 1) = hi(k) + I1dYd(k) - Y(~:)lvi, i = 1,2,··· ,n, 

where hi'S are elements of h E ~n and III is an updating gain parameter. The 

errors are then backpropagated to the dynamic nodes of the hidden layer to obtain 

the learning rule for the weights Wand B as 

i,j = 1,2, ... ,n 

and 

where Wij and bij are the elements of W E ~nxn and B E ~nxm respectively, 

and 112, and 1-'3 are the updating gains appropriately selected to result in desired 

convergence properties for the algorithm. 

( 5) Repeating 

Repeat, starting with step 2, for each chosen input-output pair. 
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Different techniques are available to control unknown linear systems. Gen

erally, a standard model structure is used, and then adaptation is introduced for 

the unknown parameters of the controller or plant models. The control of an un

certain nonlinear system is more complicated than that of the linear system for 

two reasons. First, there is no standard model structure that fits the nonlinear 

dynamics. This is in contrast to the linear system case where a general form of 

transfer function is available for an unknown system of a given order. Second, there 

is no standard way of generating adaptation laws for nonlinear systems. 

There are two main ways for developing adaptive control algorithms: model

dependent (exact model knowledge is required and unknown parameters are adapt

ed) and model-independent (model structure not assumed a priori). For the model

dependent class, two types of control have prevailed, the self-tuning regulator 

(STR), and the model reference adaptive control (MRAC). On the other hand, 

the model-independent class is mainly confined to neural networks. The adaptive 

ability of neural networks to identify large classes of highly nonlinear functions 

with a high degree of accuracy, makes this approach very useful for dynamic model 

designs representing nonlinear plants. 

Central to the design of a satisfactory neural network-based adaptive control 

scheme is the development of an appropriate training architecture for identifying 

the system dynamics and a number of interesting results are being proposed in 

the very recent times. Some novel structures for the identification and indirect 

adaptive control employing multilayer static networks are presented by Narendra 

and Parthasarathy (1990). Chen (1990) has demonstrated how a baclcpropagation 

trained multilayer static neural network can be used for the self-tuning control of a 

discrete-time nonlinear system. Application of similar ideas to the specific problem 

of modeling certain chemical process systems is made by Bhat et al.(1990). The 

use of a dynamical multilayer network for system identification is suggested by 

Karakasoglu et. al. (1991) and the performance of a control scheme based on this 
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idea is demonstrated for the adaptive control of multijointed robot manipulators. 

Our present objective is to employ the latter approach for the adaptive control of 

synchronous generators. 

5.4.1 Identification of Nonlinear Dynamical Systems 

The identification objective is to realize a suitable model such that the out

puts of a neural network model and the plant closely match each other when sub

jected to the same input. For neural networks, the identification procedure consists 

of adjusting the weights of the interconnecting structure to optimize a performance 

function based on the error between the plant output and the identification model 

output. 

For a brief description of the approach presently used, consider a discretized 

representation of the input-output behavior of the plant to be controlled as 

(5.4.1) 

where u(l') and y(k) denote respectively the input and the output at instant l..~, 

Y/ = [y(l..~),y(l..~ -l), ... ,y(k - 111 + l)]T , 

ULI = [ll(k - 1), u(k - 2), ... , u(k - 112)f , 

yt = [y(k),y(k -l), ... ,y(k - 113 + l)]T , 

ULI = [u(k - 1), u(k - 2), ... , u(k - 11'i)f , 

111, 112, 113, and 114 being arbitrary positive integers. 

Two separate neural networks are used for approximating the functions f 
and g. The identified model will have the dynamics described by 

y(k + 1) = j(y/, U{_I) + g(Yt, U£_I)u(k) . (5.4.2) 

The error 

e(k + 1) = (y(l..' + 1) - y(k + I)? (5.4.3) 
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is used to adjust the weights of the two neural networks. The identification struc

ture is shown in Fig. (5-5). The training algorithm for the recurrent dynamic 

neural network previously discussed in Section 5.3.2 will be used to identify the 

system. 

5.4.2 Controller Design for Nonlinear Dynamical Systems 

The control design objective is to find a controller" such that the computed 

control commands, once applied to the plant, will cause the output to follow the 

desired output. The use of neural networks has made the adaptive control of 

nonlinear systems possible. This type of control can be viewed as an indirect 

adaptive control (which first identifies the plant parameters and then uses these 

estimates to update the controller parameters). To illustrate simply how this is 

done, let us consider the single-input single-output system defined earlier in (5.4.1) 

y(l.' + 1) = f(Y!, ULl) + g(Yt, U%_1 )ll(k) ( 5.4.4) 

where y(h:) is the output at time I.. and 1l( k) is the input at time k. 

If the functions f(',') and g(.,.) are known exactly, then for tracking a 

desired output Yil(k + 1), the required controlll(h:) can be readily evaluated as 

(5.4.5 ) 

However, since f(',') and g(.,.) are not known, a neural network-based identifica

tion of these functions can be performed by using the model 

y(k + 1) = fey!, ULl' WI) + §(yt, U%_I' W g )ll(k) (5.4.6) 

and the architecture shown in Fig. (5-5). N N I and N Ng are two distinct multilayer 

recurrent neural networks of the type described by (5.2.4) with the interconnection 

parameters (i.e elements of W, Band h matrices) specified by the sets WI and 

W g • These networks provide approximations f and § for the functions f and 9 

respecti vely. 
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203 

By employing the supervised training algorithm given in Section 5.3 in order 

to minimize the error E(k) = [y(k + 1) - iJ(k + 1)]2, the two networks are trained 

to closely approximate f and 9 by j and 9 respectively. Once the training is 

completed, the control u( k) can be obtained from 

(5.4.7) 

5.5 Application to Control of Synchronous Generators 

For the sake of illustration, the model represented by Equation (2.4.4) will 

be used to conduct an application of the neural network-based scheme for the iden

tification and control of the synchronous generator. Voltage and speed deviation 

are the two main outputs one would be interested in controlling. With a selection 

of the state variables as x = [XI,X2,X3,X4,xs]T, where Xl = h, X2 = 8, X3 = 1/Jj, 

X.I = 'lj.'kd, Xs = 1/Jkq, the state equation can now be written as follows 

2 

x(t) = c/>(x(t)) + L GjUi(t) 
i=l 

(5.5.1) 

y(t) = JI(x) . 

The forms for c/>(x(t)), (Xl, G2 are given by 

X2 
-kl:V2 - kI6 sin(2xJ) - k17XSCOS(xJ) - kISx3sin(xt) - k19x4sin(xt) 

c/>(x(t)) = k3umcos(xJ) - k2X3 + k4X4 

and 

GI= 

k9um cOS(Xl) + kSX3 - klOX4 
-k13u m sin(xl) - k14 XS 

0 0 
.!=!JL 0 2H 
0 (X2 = Wo 

0 0 
0 0 

where ki's are the machine parameters. The two input signals Ul = lvIt = torque 

applied to the generator shaft and U2 = voltage applied to the field circuit constitute 

the controls to be developed for attaining the desired objectives. 
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For a feedback formulation of the excitation control and the governor control 

problems, the output sigl1al y( t) needs to be appropriately defined. While for the 

governor control, yet) = X2 , for the excitation control, the terminal voltage from 

Equation 2.3.22 has the more complex form 

- - - - - 2 
yet) = [(h sinxI + k2 cos:rl + k3 X 3 + k4X4 - k 5 X 5) 

- - - - - 1 + (k6 sin Xl + k7 cos Xl + kaX3 + k 9 X 4 + klOX5)]2 

The complexity of the model and the infeasibility of linearized representations are 

readily apparent. It is also evident that any desire for an adaptive implementation 

of the two control strategies will require an on-line identification of the ki (i = 

1,2, ... 15) and ki(i = 1,2, ... 10) parameters. For employing a neural network

based identification in order to ultimately evaluate the control u( t) for maintaining 

a steady value of yet), (5.5.1) can be discretized to obtain a representation in the 

form given by (5.4.4). Two dynamic neural network models N NI and N N2 with the 

dynamics described by (5.2.4) can be used for approximating the functions f(.,.) 

and g(.,.) while keeping in mind the following remarks on parameter selections: 

1. To assure convergence, stability of equilibrium point, and a higher degree of 

freedom in the selection of the starting values for the elements of W, it is 

necessary to use large sigmoidal gains (slope at the origin) as suggested by 

Sudharsanan (1991). For a set of typical values that were used in our exper

iments, when the gains of the sigmoidal nonlinear functions were selected to 

be greater than 10, a corresponding choice of the starting value of W = O'I 

with 0' in the range 0.5 :::; 10'1 :::; 5.0 yielded quite satisfactory performance. 

2. The algorithm is less likely to converge if the values of the updating gains 

J11, /-l2, and J13 are chosen to be large. On the other hand, with smaller values 

for these parameters, the chance of convergence is greater, but convergence 

will take be slower (i.e. training becomes slower). Some useful guidelines for 

the selection of J11, J12, and J13 are given by Sudharsanan(1991). 

In the initialization step, we used lVij(O) = -0.5V i, j 3 i = j , ltVij(O) = 

OV i =J. j , hi(O) = O.IVi , and bij(O) = IV i,j. Four nonlinear dynamic PEs were 
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used in N Nl and three nonlinear dynamic PEs in N N 2 • The learning algorithm 

was implemented with /-l1 = 0.2 , J.l2 = 0.2 , and /-l3 = 0.0 . The sigmoidal 

nonlinear functions ~i( Vi) = ~ tan-1 (7r~tJi) were employed with (3 = 40.0. In the 

second step, using a computer-simulated model of the generator for supervised 

training and employing the learning algorithm described in Section 5.3.2, several 

identification experiments were conducted. The continuous input vectors were 

selected as signals with multiple sinusoids because many frequency components are 

required. Typically used signals consist of step input which is the normal load 

variation and many frequency components which represent the fault or sudden 

variation in the load, i.e., include small and large disturbances, and are of the form 

L 

u(I.·) = He + I: (II sin(TI(k)) 
1=1 

The learning proceeded in cycles. Each cycle consisted of 400 data points created 

with desired output values for the inputs u(k). The learning (or updating) was 

carried out after each data point presentation and at the end of the cycle (400 

points) we computed the squared error totalled for all the points. The algorithm 

was run for approximately 65 cycles. 

5.5.1 Performance of Excitation Control 

The reason for controlling the excitation in a synchronous generator is to 

keep the output voltage at a constant level. Generally, the governor control is kept 

constant and the neural network control procedure is applied to the excitation 

control. The learning curve depicted in Fig. (5-6) outlines the results of this 

experiment. After learning, the control is started with the trained weight vectors. 

The performance of the control algorithm is shown in Figs. (5-6 to 5-11) . 

Some key factors should be pointed out before discussing the performance 

exhibited in these figures: 

(1) One of the main requirements of a power system is to keep the terminal 

voltage a~ a constant level. The excitation control plays the key role in 

controlling the terminal voltage. 
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(2) The stability indicator of the machine terminal voltage is its reactive pow

er output. Therefore, monitoring the reactive power reinforces the balance 

between power generation and demand. 

(3) The emf of the generator is directly proportional to the excitation field. 

Moreover, the terminal voltage can be considered as a result of the emf 

minus the voltage drop across the internal impedance of the machine. 

Several simulation experiments were conducted to evaluate the performance 

of the control scheme developed. The results of these experiments will be briefly 

outlined here. From an examination of Figs. (5-6 to 5-12), the following conclusions 

can be derived. 

1. The performance of the identification scheme in Fig. (5-6) indicates that 

the mean squared error reduced to 6.0 x 10-6 in one cycle, exhibiting the 

steep convergence of the identification process. 

2. The neural network-based control is capable of maintaining a constant ter

minal yoltage which is a high priority requirement at the supply terminal. 

It also ensures a very rapid settling time (0.3 sec) and a stable terminal 

yoltage response as evident from Fig. (5-9). 

3. Fig. (5-10) illustrates the emf response which settles in 0.25 sec. The short 

settling time is important for the constancy of the terminal voltage. 

4. The reactive power exhibits a rapid convergence to a steady-state value (-

0.6 p.u) which is considerably superior to that possible from conventional 

exci tation control mechanisms. 

5. The rotor angle, frequency deviation as well as active power are held con

stant within the required limits of when neural network control was applied 

to the excitation control problem while maintaining constant governor con

trol. 

Thus controlling excitation of the synchronous generator by the neural net

work scheme guarantees stability in the generator (rotor angle maintained at 67.8°) 
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and a constant terminal voltage, which are highly desirable performance features 

from an implementation viewpoint. 

5.5.2 Performance of Governor Control 

The main concern of the governor control is to maintain constant frequency 

or, in other words, to return the speed deviation to zero as quickly as possible. It 

should be evident that while controlling the governor using the present approach, 

the input control for the exciter is held constant. The convergence of the identi

fication process in this problem was very similar to that described above, which 

does not come as a surprise since the output has a much simpler form in this case. 

Prior to investigating the results of governor control, the following three 

indicators should be illustrated: 

1. The rotor angle indicates the degree of stability of the system and can take 

values inside the interval [00, 900]. In practice, it is extremely important to 

rapidly control the rotor angle against any fault or sudden load change in 

order to synchronize the generator with the rest of the system. 

2. The speed deviation of the system can be used to maintain a constant fre

quency in the power system by taking it back to zero. This constitutes the 

main purpose of the governor control. A constant frequency is the criterion 

for keeping a balance between the generated power and demand. 

3. The active power gives an indication of the frequency stability of the gener

ator. Well monitored active power determines a frequency reliable system. 

Several simulation experiments were conducted to evaluate the performance 

and the stability with the control scheme developed. The results are shown in 

Figs. (5-13 to 5-17). 

1. The performance of the identification scheme in this case was similar to that 

of the excitation control, see Fig. (5-6). 

2. An important feature of the response is the rapid damping of rotor angle os

cillations with appreciably short settling times (0.3 sec) and the consequent 

reestablishment of synchronous speed. As mentioned in Chapter 1, the first 
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requirement is to maintain the generator in synchronism with the rest of 

the power system. The advantage of using this type of control is the rapid 

damping while tracking the steady state rotor angle (67.8 0
). The fast track

ing enhances synchronization of the generator with the system and makes 

it more robust to any sudden fault or load variations. 

3. Speed deviation, whose value is to be brought back to zero as soon as possible 

to stabilize the frequency, had a settling time of 0.3 sec, which is highly 

desirable for power generation, Fig. (5-14). 

4. Active power is kept within the required limits due to the neural network 

control. The sketch of Fig. (5-16) depicts a swift and desirable response 

when compared to the use of the governor control as in Chapter 3. 

5. The terminal voltage, emf, as well as reactive power are held constant with

in the required limits of when neural network control was applied to the 

governor while maintaining constant excitation control. 

The control was founel to be amazingly fast in converging to the desired 

output with very little overshoot. One important feature of the response is the 

rapid damping of rotor oscillations. These are considerably better than what can 

be achieved using a conventional regulator. Though differential geometry gives 

promising results, the neural network technique converges more quickly to the 

desired output. This may be a feature that opens the door to a new era in power 

generation, the era of rapid correction of transient conditions. 
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5.6 Identification and Control of a Turbogenerator using 

Recurrent Neural Networks 
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Identification and control algorithms were applied to the 5th order syn

chronous generator throughout the previous sections. In order to derive a novel 

control scheme, a full order nonlinear model will be used to represent a turbogen

erator. The main differences of the turbogenerator from the synchronous generator 

are manifested in the following aspects: A thyristor exciter is used instead of the 

regular one; an electrohydraulic governor with fast turbine valving replaces the 

mechanical governor. To derive a control law, a 14th order nonlinear differential 

equation was used to represent a turbogenerator connected through a transmis

sion line to an infinite busbar. Sudden load changes and fault variations cannot 

be represented by a linearized model of a turbogenerator becau~e of the highly 

transient distribution. However, a high order nonlinear model which includes the 

boiler dynamics and takes into account the nonlinearity in turbine and valving can 

be used to represent such a system. The rapid control of a turbogenerator can be 

accomplished by the availability of a thyristor exciter, electrohdyraulic governors 

and a fast turbine valving. The objective in this section is to design a nonlinear 

integrated multivariable control and a single-input control so that the turbogenera

tor is stable and asymptotically tracks the nominal terminal voltage and frequency 

under load and fault variations. 

5.6.1 Turbogenerator Model 

A 14th-order nonlinear differential equation defines a nonlinear model for a 

turbogenerator unit connected to a large power system through a transformer and 

two transmission lines. These 14 orders are defined as follows: 

1. A 7th-order system represents the large synchronous generator based on 

Park's equations which is used to consider the dynamic properties with 

effects of damping in a turbogenerator. 

2. A 1st-order system represents the exciter with a small time constant (O.ls). 

The system has lower and upper limits of the field voltage (-0.005 < Vfd < 
0.005 p.u.). 
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3. The prime mover consists of a 3-stage turbine with a reheat. To find the 

inertia of steam mass flow in the individual stages and the time delay of 

the reheat a 4th- order differential equation is used. A 2nd-order transfer 

function is assumed to determine the time delay of the turbine valves, with 

appropriate limits on valve positions (0 to 1.0 p.u.) and opening and closing 

rates (-6.7 to +6.7 p.u.). 

Further information about these models may be found in Wu and Hogg 

(1988 ). 

The two input signals are u 1, which represents the governor input signal 

(Ue), andu2' which represents the exciter input voltage (VR). The major outputs 

of the turbogenerator are defined by the deviation of the nominal voltage and the 

deviation of the synchronous speed. Feedback variables are measured on-line and 

used to yield the excitation control signal, VR, and governor input, Ue. The system 

inputs and outputs are then chosen as 

and 

Y(l.) = [fl 1'i(k), flw(k)f , 

where, flFR(l.·) = VR - VRO is the change in excitation input, flUe(k) = Ue - Ueo 

is the change in governor input, fl Vt ( k) = Vt - Vio is the deviation from the nominal 

voltage, and tlw(k) = w - Wo is the deviation from the synchronous speed. 

5.6.2 Adaptive Control of Turbogenerator by Identification 

The purpose of a dynamic neural network application is to optimize a perfor

mance function based on the error between the plant and the identification model 

outputs. This can be accomplished by a learning algorithm which adjusts the pa

rameters of the neural network based on supervised training. The recurrent neural 

network is trained to recognize the following cases: 

1. Multivariable Control (M1MO). 

2. Excitation Control (S1SO). 
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3. Governor Control (8180). 

It is assumed that the input-output behavior of the turbogenerator has two 

discrete architecture forms, which we will refer to as case A and case B in the 

following discussion 

CASE A: 

1. MIMO 

Let us assume that the discrete-time dynamics of the turbogenerator can be 

modelled in the form 

where 

yt = [Y(!.:), y(". - 1), ... , Y(k - n1 + l)]T 

U{_1 = lUCk - 1), U(k - 2), ... , U(k - n2)]T 

(5.6.1) 

111 and 112 are arbitrary positive integers. The system inputs and outputs are chosen 

as U(I,') = [~FR(k),.6UG(k)V, and Y(k) = [.6vt(k),.6w(k)]T. Function F(.,.) is 

unknown, and hence a recurrent neural network-based identification model of this 

function will be defined as 

}r(,,~ + 1) = F(Yt, U{, WF) . (5.6.2) 

The error, E(k + 1) = (Y(k + 1) - 'f"(k + 1)?, is used to update the interconnection 

weights W F of the neural network. The structure of the identification scheme 

is shown in Fig. (5-18) as a part of the controller. The fault transient control 

problem is solved using recurrent neural networks. This involves establishing a 

control structure and changing the parameters so as to make the error between 

the output of the plant and the desired output approach zero. The identification 

technique is also used to find the control law which is defined as 

U(k) = G(Y?) (5.6.3) 

where 

y k
G = [Y(k), Y(k - 1)"", Y(k - 71.3 + 1)] , 
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Fig. (5-18) Identification and Control of Turbogenerator (Case A). 
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and 113 is an arbitrary positive integer. 

If the desired output is Yd(k + 1), then the error which is given by 

E(k + 1) = (Yd(k + 1) - Y(k + 1))2 (5.6.4) 

is used to adjust the weights of the neural network control G(.). Identification 

techniques in Section 5.3.2 will be applied using supervised training to find the 

system function F(.,.) and the control law G(.). 

2.SISO 

a. Excitation Control 

The system model (5.6.1) and the control law (5.6.3) are used to identify 

and control the SISO turbogenerator. Assume that ~UG(k) is constant and the 

turbogenerator input and output are chosen as U(k) = ~VR(k) , and Y(J.:) = 

~Vt(I.:) . 

b. Governor Control 

The procedure is similar to excitation control except we assume that ~ VR 

is constant and the system input and output are chosen as U(k) = ~UG(k) , and 

Y(k) = ~w(k) . 

CASE B : 

1. MIMO 

Assume that the discrete-time dynamics of the turbogenerator can be ex

pressed as 

where 

Y/ = [Y (k ), Y (k - 1), ... , Y (k - 11 1 + l)]T , 

Ut-1 = [U(k - 1), U(k - 2), ... , U(k - 112)f , 

yt = [Y(k), Y(k -1), ... , Y(k - 113 + l)f , 

Ut_1 = [U(k - 1), U(k - 2), ... , U(k - 114)]T , 

(5.6.5) 
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TIl, n2, 71;3, and n4 are arbitrary positive integers. The system inputs and outputs 

are chosen as U(k) = [ClVR(k),ClUa(k)f , and Y(k) = [ClVi(k),Clw(l,)f . Then 

Yl(k + 1) and Y2(k + 1) can be written as 

Yl (k + 1) = 1P1 (ykt/JI, Ut~l) + <Pll (Y/ lI , ut~\ )U1 (k) + <P12(yt I2 , Ut~21 )U2(k) 

Y2(1.: + 1) = 1/J2(J:/\ Uf~l) + <P21 (Y/2\ ut:..\ )Ul (It.) + <P22(yk,p22, Ut:"21 )U2(1.:) 

where Yl (k + 1) , Y2 (k + 1) are components of the output vector, and U1 (k) , U2 (k) 

are components of the input vector. The structure of the identification scheme is 

shown in Fig. (5-19). Five separate neural networks (NN1 ,NN2 ,NN3 ,NN4 ,NN5 )m 
are used to approximate the functions <Pll , <P12 , 'l1 , <P21 , <P22 respectively. The i

dentification model will have the dynamics described by 

Y(k + 1) = W(Yt, Uf~l' Wt/J) + ~(}'l, Ut-1' W,p)U(k) 

then Yl (I.: + 1) and f2 (h: + 1) for the present application can be written as 

Yl(k + 1) =~lCy/l, Ut.~l' Wt/J}) + ¢l1(ytll , ut~\, W,pll)U1(k) 

+¢12(yt I2 , Ut:_21' W¢12)U2(k) 

t'2(k + 1) =f2(Y/\ Uf~l' W1/J2) + ¢21(yt21
, ut:..\, W,p21)U1(k) 

+¢22(Y/22 , Ut:"21' W¢22)U2(k) 

For any desired Yd( k + 1), the controller can be found such that 

(5.6.6) 

(5.6.7) 

However, since 'lJ(.,.) and q}(.,.) are not known, a neural network-based identifica

tion of these functions can be performed by using equation (5.6.6). By employing 

the supervised training algorithm given in Section 5.3 in order to minimize the 

error E( k) = [Y (k + 1) - Y (k + 1) F, the five neural networks are trained to close

ly approximate 'lJ and q}(<Pl1, <P12, <P21, <P22). Once the training is completed, the 

control U (k) can be obtained from 

(5.6.8) 
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2.S150 

The algorithm of the recurrent dynamic neural network previously discussed 

in Section 5.3.2 will be used to identify the system. 

a. Excitation Control 

The system model (5.6.5) and the control law (5.6.8) are used to identify 

and control the SISO turbogenerator. Assume that tlUe(k) is constant and the 

turbogenerator input and output are chosen as U(k) = tlVR(k) , and Y(k) = 

6Vt (k) . 

b. Governor Control 

The procedure is similar to excitation control except that we assume that. 

6VR is constant and the system input and output are chosen as U(k) = tlUe(k) , 

and Y(k) = 6w(k) . 

The above models and controllers are summarized in the following table 

Table 5.1 

CASE A CASE B 

MIMO EXC. GOV. MIMO EXC. GOV. 

Input 6VR tlVR 6Ue tlVR 6VR tlUe 

6Ue 6Ue 

Output 6Vi tlVt tlw 6vt tlvt tlw 

tlw tlw 

Model (5.6.1) (5.6.1) (5.6.1) (5.6.5) (5.6.5) (5.6.5) 

Controller (5.6.3) (5.6.3) (5.6.3) (5.6.8) (5.6.8) (5.6.8) 

# ofNN 2 2 2 5 2 2 

Total # of 18 11 10 15 5 5 

Hidden nodes 



5.6.3 Turbogenerator Controller Implementation and 

Performance Evaluation 

221 

This section describes in greater detail the identification and neural net

work excitation control for cases A and B. The response of the neural network 

multivariable and governor controllers to large disturbances will also be evaluated. 

Case A 

For the purpose of illustration, the model represented by Equation (5.6.1) 

will be used to conduct an application of the identification model and Equation 

(5.6.3) will be used to control the excitation in the turbogenerator. The reason for 

controlling the excitation in the turbogenerator is to keep the output voltage at 

a constant level. Generally, the governor control is kept constant and the neural 

network control procedure is applied to the excitation control. 

Starting with a discretization of the turbogenerator dynamics cast in the 

form given by (5.6.1), two 3-layer recurrent neural networks NNf and NNu were 

trained to find the function f(., .) and the adaptive control function G(.). Network 

NNf and N Nu were constructed with six and five nonlinear dynamic processing 

nodes respectively, in their hidden layers. The sigmoidal nonlinear functions were 

selected as ei(vd = ~ tan- l ( 7r~Vi), with the gain f3 = 40.0. A computer simulation 

model of the generator was used for training the two networks. With the initial 

weight selections for NNf as Wii(O) = -l.OV i,and wij(O) = OV i =1= j ,hj(O) = 

O.lVi ,and bij(O) = IV i and j, the training algorithm was implemented with 

PI = 0.1 ,P2 = 0.1 ,and P3 = 0.0 . With the turbogenerator running at an 

operating point (reference input), the input signals in the form 

1 

.6. VR = L al sin(rt(k)) 
1=1 

(with amplitude set at 30% of the reference input) were added to the reference 

input to ensure excitation of the system at several frequencies. The learning pro

ceeded in cycles consisting of 400 data points per cycle created with desired output 

values for the inputs .6. VR. The learning (or updating) was carried out after each 
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data point and at the end of each cycle (400 points), the squared error totalled 

for all the points was computed. The algorithm was run for 10 cycles and the 

learning curve obtained is shown in Fig. (5-20). The learning curve outlines the 

results of this experiment indicating an ultra-fast convergence of the identification 

process. At this stage the N Nf function acts like a channel and its weights were 

unchanged. The output of the control neural network N Nu was sent to control 

the plant and also taken as input to the N N f for the next mapping stage. The 

initial weight selections of NNu are the same as in NNf with /1 being changed to 

/11 = 0.05 ,112 = 0.05 ,and 113 stays the same. The weights in N Nu were updat

eel to minimize the error. The performance of the neural network controller has 

been evaluated by simulating large disturbances after one cycle (4 sec) of training 

(NNII ). Figs. (5-21 to 5-23) show the neural network controller response when 

a 3-phase short circuit to earth occurs, which was cleared after 120 ms, at the 

sending end of one transmission line. 

The above procedure was applied with different numbers of hidden nodes 

to study improved performance (Table 5.1) to multi variable and governor controls. 

Figs. (5-24 and 5-25) describe the performance of the governor controller when 

the fault occurs and clears after 120 ms. The response of the neural network 

multiyariable controller to a 3-phase short circuit are shown in Figs. (5-26 to 5-

29). 

Case B 

The model represented by (5.6.5) will be used to conduct an application of 

the identification model and (5.6.8) will be used to control the turbogenerator. 

The controller design procedure described above can be used for the de

velopment of multivariable control, excitation control and governor control. The 

strategy for developing 8180 controller is described by keeping each control func

tion at a constant value when evaluating the other. This section describes in detail 

the identification and recurrent neural network excitation control for the model 

represented by (5.6.5). Two 3-layer recurrent neural networks NNf and NNg as 

shown in Fig. (5-5) were trained to approximate the functions f(.,.) and g(., .). 
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Network N lVf was constructed with three nonlinear dynamic processing nodes in 

its hidden layer and network NNg was constructed with two nonlinear dynam

ic processing nodes in its hidden layer. The sigmoidal nonlinear functions were 

selected as ei( Vi) = ~ tan -1 ( 1l'1Vi
), with the gain (3 = 40.0. A computer simu

lation model of the generator was used for training the two networks. \iVith the 

initial weight selections of Wji(O) = -1.0V i, and Wjj(O) = OV i =/:. j , hj(O) = 
O.lVi ,and bij(O) = IV i and j, the training algorithm was implemented with 

/-lI = 0.5 , /-l2 = 0.5 , and /-l3 = 0.0 . 

With the turbogenerator running at an operating point (reference input), 

the input signals in the form of small psuedorandom binary sequences (PRBS) 

(Fig. 5-30) (with amplitude set at 30% of the reference input) were added to the 

reference input to ensure excitation of the system at several frequencies. Using 

1000 data points created with desired output values for the chosen inputs values, 

the training was conducted over each cycle of 1000 data points in the real-time 

learning mode (i.e. updating performed after the presentation of each data point). 

The mean squared error at the end of each cycle was computed and the algorithm 

was run for about 10 cycles. Figs. (5-31) and (5-32) show the response when a 

3-phase short circuit to earth occurs, which cleared after 120 ms, at the sending 

end of one transmission line. 

The above procedure was applied with different numbers of hidden nodes 

(Table 5.1) to obtain better performance to multi variable and governor control. 

Figs. (5-33 to 5-35) describe the recurrent neural network governor controller when 

fault occurs and clears after 120 ms. The identification procedure was run for 7 

cycles (1000 points) and the learning curve obtained is shown in Fig. (5-36). The 

response of a neural network multivariable controller to a 3-phase short circuit are 

shown in Figs. (5-37 to 5-41 ). 

1. Excitation Control for Cases A and B 

The performance of the identification algorithm for this problem is depicted 

by the learning curve in Fig. (5-20). A reduction of the mean squared error to 
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1.0 X 10-4 is achieved in only one cycle for both cases A and B. exhibiting the 

steep convergence of the identification process. Some illustrative plots depicting 

the controller performance are shown in Figs. (5-21 to 5-23) for case A and Figs. (5-

31) and (5-32) for case B, in which a 3-phase short circuit fault was cleared after 

120 ms. The following conclusions may be drawn. 

A. The neural network-based control is capable of handling a highly transient 

fault variation and maintaining a constant terminal voltage which is a high 

priority requirement at the supply terminal. It also ensures a very rapid 

settling time 'with less overshoot and a stable terminal voltage response as 

evident from Figs. (5-21) and (5-31). 

B. When the fault was cleared after 120 ms, the reactive power exhibits a 

rapid convergence to a steady-state value which is considerably superior to 

that possible from conventional excitation control mechanisms as shown in 

Figs. (5-22) and (5-32). 

Thus, controlling excitation of the turbogenerator by the neural network 

scheme guarantees stability in the fault condition (when the rotor angle is main

tained at < 90 0
) as shown in Fig. (5-23), and a constant terminal voltage, which 

are highly desirable performance features from an implementation viewpoint. Even 

though the turbogenerator model was reduced to SISO, the following conclusion 

can be made in comparison to the MIMO system used by Wu, Hogg, and Irwin 

(1992): 

1. Less numbers of hidden nodes were used to achieve better performance, 

thus encouraging one to develop a hardware controller using an analog VLSI 

neural net chip. Such development will improve the training time. 

2. Fast convergence of the Identification process is crucial in on-line adaptive 

control. The recurrent neural network model has a steep convergence in the 

first cycle (i.e 4 sec vs. 100 sec for Hogg). 

3. During the fault period, the transient voltage change was 1.0-1.2 p.u. 

(Figs. (5-21) and (5-31) vs. 0.24-1.36 p.u. for Hogg (1992) This is high

ly desirable from an application viewpoint. 



2. Governor Control for Case A and B 

The main objective of the governor control is to return the speed deviation 

to zero as quickly as possible when the system is disturbed by fault or a sudden 

load change. The input control for the exciter is held constant while controlling the 

governor. The algorithm used in this case is similar to that for excitation control 

and speed deviation is the output. One important feature of the response is the 

rapid damping of rotor oscillations which are considerably better than what can 

be achieved using a conventional regulator. 

The convergence of the identification process in this problem was very similar 

to that described above, which does not come as a surprise since the output has a 

much simpler form. The controller performance is summarized in Figs. (5-24) and 

(5-25) for case A and Figs. (5-33 to 5-35) for case B. The following points can be 

highlighted: 

A. An important feature of the response to a highly transient fault is the 

rapid damping of speed deviation and the consequent reestablishment of 

synchronous speed as can be seen in Figs. (5-24) and (5-33). Thus the 

rapid damping while tracking the steady state rotor angle (46°) enhances 

synchronization of the turbogenerator with the rest of the system. 

B. After 120 ms of fault clearance, active power which describes the frequency 

stability of the turbogenerator, is kept within the required limits. The plot in 

Figs. (5-25) and (5-34) depict a swift and desirable response. These features 

are considerably superior to those achievable by conventional regulators. 

3. Multivariable Control 

The reason for integrated multi variable control (excitation and governor 

control) is to maintain constant frequency and voltage under load and fault vari

ations. The convergence of identification process (Fig. 5-36) was very similar to 

that described for the excitation case. Several simulations were conducted to eval

uate the performance and stability under fault conditions. From an examination 

of Figs. (5-26 to 5-29) for case A and Figs. (5-37 to 5-41) for case B the following 

conclusions can be derived: 
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A. The rotor angle and speed deviation rapidly returned to steady state values 

after fault clearance. For case B, less number of hidden nodes resulted in 

a rapid settling time for the speed deviation compared to other cases for 

SISO and MIMO. This is extremely important for rapid stabilization of the 

system against any fault or sudden load change in order to synchronize the 

turbogenerator. 

B. The transient voltage change during the fault duration is very small com

pared to the SISO excitation control. 

C. The active and reactive powers describe the frequency and voltage stability 

of the t.urbogenerator. After the fault is cleared, active and reactive powers 

are well damped and follow the demanded changes. 
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5.7 Concluding Remarks 

Neural network identification and control of a synchronous generator have 

the following special properties: 

1. The present architecture for identification and control has a number of ad

vantages: 

(a.) The identification error can be used directly to adjust weights. This is 

an attractive feature for on-line control of power systems. 

(b.) The learning rate was greatly improved. 

2. If we compare the identification by neural network with available adaptive 

control we see that: 

a. In the neural network identification there is no need to give the explicit 

structure of the state space model. 

b. The parameter identification techniques require the plant itself to be lin

ear. This is true for both self-tuning regulators and model reference adaptive 

con trollers. 

3. In practice, the power generation has a huge amount of data on plant op

eration history (data base) available. For example, the power generation 

may have been controlled by LFC or AVR controllers, though possibly with 

bael performance or instability in operations. Nevertheless, the recorded s

tates and control signals truthfully reflect the characteristics of the power 

system. These data can be compressed into a more compact and useful set 

of descriptors of power system dynamics. By training the neural network 

(using history data) before its use for control, the performance of the neural 

network controller can be greatly enhanced. 

4. An important characteristic of neural networks is the way information is 

stored. The memory of a neural network is both distributed and associative. 

It shares these memory units with all other units of knowledge stored in the 

network. Neural network memory is also associative, in the sense that if 

the network receives a partial input, the network will choose the closest 
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match in its memory and will generate an output which corresponds to a 

full input, much like a human brain will do. This associative nature of 

neural network memory leads to reasonable response when presented with 

incomplete, noisy, or unseen input. No matter how long the model is trained, 

there might be a faulty situation to which the model is not trained. In 

this case, the associative property of the neural net:work plays a good role 

in handling those new situations like an operator would do in the control 

center of power systems. 

5. The testing was done by using software simulation of neural network. The 

number of nodes in the hidden layer is very small which makes it attractive 

to build the controller using hardware. The training and excitation time can 

be further improved. The neural-network-chip can be used as a stand alone 

system that monitors and controls the performance of large generators to 

stabilize the yoltage and frequency and to synchronize the generator with the 

power system in case of transient situations. It may send signals to control 

centers of power systems and to communicate with the SCADA functions 

(Supervisory Control And Dat.a Acquisition) to collect data from generators 

and to control them. 

6. Neural network control eliminates the need for integral control. On the 

other hand, the steady-state response with linear controls (as in Chapter 3) 

is heavily dependent on the feedback, which necessitates the incorporation 

of integral control in order to compensate for the large steady-state error. 

7. Neural network-based adaptive control can handle a large disturbance with 

the rapid damping of rotor oscillations, speed deviation, and fast postfault 

recovery of steady state terminal voltage, along with re-esablishment of syn

chronous speed. 
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CHAPTER 6 

CONCLUSIONS 

6.1 Introduction 

The controllers and observers for linear systems, and their corresponding 

linear differential equations are easier to handle than nonlinear ones. Hence, it is 

of practical importance to construct a nonlinear- to- linear equivalence transfor

mation of coordinates. In recent years differential geometry has proven to be an 

effective means for the analysis and design of nonlinear control systems. Its at

tractiveness lies in fact that it allows the transformation of a nonlinear system into 

a controllable/observable linear one, ensuring the utility of all the standard linear 

controller/observer design techniques such as pole placement and LQR. The design 

technique is to build a controller/observer for the nonlinear system by designing 

one for the linear canonical system. The neural network-based techniques which 

have emerged lately as a competitive alternative to conventional control methods 

are equally important. The three key features of neural networks are adaptability, 

parallelism, and not requiring an explicit model of the plant under consideration. 

These three properties promise that neural networks can be trained to make deci

sions at high speed and in a robust manner. 

In the previous chapters we focussed on designing control methods, using 

differential geometry and neural network-based concepts for the control of power 

systems. The above two methods were used to achieve the main goal, namely 

designing a nonlinear integrated excitation and governor control (multivariable 

control) and a single-input control so that the synchronous generator would be 

stable and asymptotically track the nominal terminal voltage and frequency under 

load and fault variations. 

Chapter 1 provided a brief introduction to the relevance of control in the 

field of power systems. It outlined the necessity of maintaining a constant frequen

cy, constant voltage, and synchronism of generators under transient conditions. 
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In addition, current problems in the field of power systems control, which have 

attained a higher degree of importance than in the past, were discussed. A litera

ture review, which outlined the main up-to-date efforts in developing synch~onous 

generator control, was presented. In the literature review, the following three ap

proaches were found to be most popular in on going research; 

1. Adaptive Control. 

2. Direct Methods. 

3. Variable Structure. 

These approaches however bear considerable limitations. First, in the linear 

adaptive control, the high nonlinearities of the synchronous generator are untrace

able; in fact having the controller adjust to the change in the system requires fast 

adaptive techniques, which are still unavailable. Second, the direct methods have 

unresolved problems and drawbacks. There are four main problems. First, trans

fer conductances are being neglected. Secondly, the simplified machine models are 

being used in constructing the Lyapunov functions. Thirdly, the fault-on system 

equations need to be integrated to obtain the post-fault initial conditions and the 

critical clearing time (cct). The fourth and the last problem is that if the operat

ing point is outside the estimated stability region, the sufficient criterion will not 

be satisfied. This means that the stability or instability of the system cannot be 

assessed. Finally, the limitations on the variable structure control are manifested 

in the high-frequency control switching which cause equipment fatigue as well as 

excitation of undesirable system modes. In the search to overcome the above stated 

limitations, the concept of a nonlinear controller, using either differential geometry 

or neural networks, emerges as a possible solution to the problems encountered in 

power system control. The objectives of this dissertation have been carried further 

and accomplished in Chapters 2, 3, 4, and 5. An exact nonlinear model of the syn

chronous generator (Ch.2), nonlinear controller using differential geometry (Ch.3), 

the nonlinear observer (Ch.4), and the neural network-based controller (Ch.5) were 

developed. 

6.2 Contributions 
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The principal contributions in Chapter 2 lie in using Park's transformation 

for developing an exact nonlinear model, where multi-input models ranging from 

the 7th to the 3rd order, and a single-input 3rd order model, have been experi

mented upon. Based on these, the design of nonlinear controllers using differential 

geometry concepts and neural networks controller have been examined. 

The aim of Chapter 3 was to design a nonlinear controller using differential 

geometry. It makes use of the concept of the transformation of nonlinear systems 

to linear ones. The transformation was applied to different nonlinear models of 

synchronous generators. Results of Ch.3 showed that the necessary and sufficien

t conditions for transformability were sat.isfied. A reduction of model order was 

needed due t.o the incapability of the ALGSYS facility of MACSYMA to obtain 

a full order transformation of state variables. This \vas achieved by applying a 

reduced order controller to the higher order models (7th), which yielded similar 

performance compared to that of the 3rd order model. Ultimately, the differential 

geometry permitted an on-line controller design for synchronous generators. This 

design enables t.he controller to cope with load variations in the network. The appli

cation of the differential geometry in the controller design proved successful in the 

field of nonlinear control of synchronous generators. It offered practical advantages 

over the current control methods. In fact, it showed smoother transient respons

es and more robustness against faults in the controlled system. Furthermore, it 

possessed preferable steady-state performance in the sense that it eliminated the 

need for integral control. The on-line controller exhibited fast tracking of the state 

of the system with regard to load changes. The tracking time associated with the 

rotor angle recorded 0.8 sec (respectively 1.8 sec) for step (respectively sinusoidal) 

input, compared to allowable limit 2.0 sec. Also, the field flux revealed a track

ing of 0.5 (respectively 1.8) sec in response to step (respectively sinusoidal) input. 

In general, the application of differential geometry methods to the nonlinear con

trol carried over all the properties of linear control without approximations and it 

offered attractive advantages, as illustrated above. 



240 

The major contribution of Chapter 4 was the construction of a nonlinear 

observer for the synchronous generator, which showed the capability to handle 

large transients. Based on the Lie-brad.::et transformation, the nonlinear observ

er, designed by using differential geometry, offered attractive features because the 

synchronous generator nonlinear model was transformed into canonical form in the 

single and multi-output cases. The abovementioned observer fulfilled the practical 

implementation requirements. Compared to other nonlinear observers, it is guar

anteed to work because both the necessary and sufficient conditions were satisfied 

by the synchronous generator models. It also was successful in observing the s

tates even beyond the stable region. Also, there was no significant effect of the 

increase in fault clearing time on the performance of the nonlinear observer. An

other important feature was the rapid convergence of the observed state toward 

the true state despite large initial errors. In fact, the results of simulating large 

and small disturbances (which take pla.ce often in real life ) showed that the error 

between the true state and the observer was manifested only at the beginning of 

the simulation (for a duration of less than 0.5 sec). Moreover, this error was due 

to the difference in the initial values of the true and observer states. In order to 

construct the nonlinear observer using; the differential geometry method, a soft

''lare program using symbolic manipulations was developed to help the user, who 

may not be familiar with differential geometry, to design a nonlinear observer for 

single and multi-output models. Finally, the differential geometry method used to 

construct the nonlinear observer is well-suited for such applications in the field of 

power networks where faults are most likely to take place. 

In Chapter 5 neural networks (a new control scheme) were used to identify 

and control the synchronous generator and the turbogenerator. This method can 

be used to build an on-line adaptive controller without the need to know the exact 

nonlinearities of the system as in differential geometry. Also, the parallel nature of 

neural networks provides fast adaptation to the system to be controlled. 

The identification process for synchronous generator used the identification 

algorithm which was run for 65 cycles. The learning curve indicates that the 
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mean squared error was reduced to 6.0 x 10-6 in one cycle, exhibiting the steep 

convergence of the training process. This situation was encountered in both the 

exciter and the governor identifications. The excitation and governor controls for 

maintaining constant voltage and frequency showed very rapid convergence to the 

steady-state value. The settling time in the controlled output of the exciter was 

0.5 sec, whereas the settling time for the governor was 0.3 sec. These controllers 

were found to be considerably fast in converging to the desired output. 

The fault transient control problem in power systems was solved using a 

recurrent neural network. A recurrent neural network was used to design a non

linear multivariable control and a single input control for a turbogenerator. The 

identification and control process for turbogenerator was run for two discretized 

input-output models. The above procedure was applied with different numbers of 

recurrent neural networks and hidden nodes to obtain better performance. The re

sponse of the neural network-based controllers to a 3-phase short circuit shows that 

: \\rhen the number of hidden nodes is reduced the response of the recurrent neural 

network shows a steep convergence during intial cycles; in fact this is a crucial prop

erty for on-line adaptive control. In addition, this scheme is capable of handling a 

highly transient fault variation and maintaining a constant terminal voltage with 

rapid damping of speed deviation. Moreover, after the fault is cleared, active and 

reactive powers were noticeably damped and followed the required changes. 

In conclusion, an attractive feature of neural networks control was the rapid 

damping of the rotor angle and terminal voltage oscillations, which indicates how 

fast it synchronizes with the system, thus achieving robustness in the system. 

Though differential geometry gives promising results, the neural network controller 

converges more rapidly to the desired output. This may be a feature that would 

open the door to a new era in the area of power generation, the era of rapid 

correction of transient conditions. 



6.3 Comparison between Differential Geometry and Neural 

Networks Concepts in Terms of Influence on Controller Design 

242 

Controllers using both neural network and differential geometry concepts 

were implemented and tested for the synchronous generator. It would be rather 

useful to look at the similarities and the differences between the two approaches. 

(1) Neural network is a general approach that can be applied to any nonlinear 

system, whereas the differential geometry method can only be employed in 

systems that can be transformed to linear systems by satisfying the nec

essary and sufficient conditions. For the synchronous generator, however, 

this problem does not arise because it satisfies the necessary and sufficient 

conditions for transformation. 

(2) A good practical feature of neural networks is that it can be used in control 

without having to know the explicit model of the system (model indepen

dence). However, in order to successfully control a nonlinear system using 

differential geometry, the exact model of the system (model dependence) 

has to be known. 

(3) Using neural network is heavily dependent on trial and error to optimally 

identify the nonlinearities of the system under control. This problem is not 

encountered in the differential geometry approach. 

(4) The larger the number of inputs used in the differential geometry method, 

the simpler the symbolic manipulations become. Thus, to reduce the com

plexity of algebraic operations, one can increase the number of inputs for the 

higher order systems. In contrast, the dynamic multi-input systems using 

neural network may be more time consuming for calculation. 

(5) Simulation results show a faster rate of convergence toward the steady state 

value for neural network control when compared to differential geometry 

control. 
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The above comparisons are summarized in table 6.1: 

Table 6.1 

Comparison Between Neural Networks and Differential Geometry 

N.N. Diff. Geom. 

Types of nonlinear systems all satisfies n. a.s.c. * 
Model dependency no yes 

Dependence on trial and error yes no 

Simplicity relative to number of inputs no yes 

Convergence to steady-state value extremely fast fast 

* (necessary and sufficient condition for transformation) 

6.4 Suggestions for Further Research 

In light of previous chapters, new nonlinear controls designed for a single 

synchronous generator connected to an infinite bus using modern differential ge

ometry and neural network theories are developed. These results will give the first 

significant step to enhance the application of differential geometry and neural net

work theories to multimachine (large-scale) power system network. More research 

and investigation are needed for development of large-scale power system using the 

above nonlinear controllers. One problem that has to be solved in differential geom

etry is complexity of algebraic operations. One possible solution to the large scale 

system may be to find a minimal number of input at each network location which 

will induce the desired properties since increasing the number of inputs used in the 

differential geometry method will result in simpler symbolic manipulations. The 

problems that may be faced for neural network include determination of the size 

of neural network required, architecture to be used, the amount of data required 

for training, and whether training can be accomplished in reasonable time. One 

possible solution may be the parallel application of many neural networks, each 

focused on one local area. The robust property (how much the nonlinear control 
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is independent of the parameters of the power system network) of the nonlinear 

controller for multimachine network has to be investigated. 

Simulation results for small and large disturbance tests indicate that non

linear differential geometry observers for single and multi output systems perform 

quite satisfactorily in contrast to linear observers for a synchronous generator. The 

results obtained will allow the extension of investigation by combination of nonlin

ear differential geometry observers with an optimal controller and with nonlinear 

differential geometry controller. The results for these two observation using dif

ferent controllers will be compared. Nonlinear differential geometry observers for 

mul timachine systems has to be designed. 

From an economical view point, future research will focus on an adaptive 

load forecasting algorithm. The ability of recurrent neural network to exhibit steep 

convergence of identification process makes it attractive to predict the load shapes 

in additions to daily peak and valley loads. A number of inputs including previous 

day's loads, type of day, forecast temperatures and wind velocity will be used in 

supervised training to predict load. 

Interpretation of a large number of alarms in the control center under fault 

conditions is a well known problem in the electric power industry. The system oper

ator needs information rather than a deluge of alarm data. In the past, decreasing 

the number of alarms presented to the operator was achieved by prioritizing the 

alarms and organizing the alarm messages. These problems need to be investigated 

with recurrent neural network identification using alarm patterns such as type and 

time of the alarm, data and noisy data, or with one of the alarm patterns missing. 

These input patterns will be used in supervised training to determine the type of 

fault. 
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APPENDIX A 

BACKGROUND MATERIAL IN DIFFERENTIAL GEOMETRY 

Our goal in this section is to introduce some basic definitions and terminolo

gy from differential geometry which have proven useful in the analysis of nonlinear 

control systems. More details on these concepts can be found in standard texts 

in Topology, Calculus and Differential Geometry [Isidori (1989, and 1985), Grizzle 

and Fliess (1985), Schutz (1980), Thorpe (1979), Boothby (1975), and Westenholz 

(1978)]. 

A.1.Mappings 

A.1.1 f: ~11 ----7 N 

This means that f maps a space 1\1 to a space N. 

A .1. 2 f::1: I------'I{ 

This means that f maps a particular element x of ll/I to y of N. 

A.1.3 One-to-One (abbreviated 1-1) 

For :r 1, X2 E 1\1 :3 ;rl =/:. a.~2, if f( Xl) =/:. f( X2) then f is said to be a one-to-one 

mappmg. 

A.1.4 Into and Onto 

If a map is defined for all points of Ai, then we say it is a mapping from Al 

into N. If, in addition, every point of N has an inverse image (not necessarily a 

unique one), we say it is mapping from 1\tJ onto N. 

A.1.5 Bijective(isomorphism) 

A map which is both one-to-one and onto is called bijective. 

A.1.6 Composition (q 0 f) 
If we have two maps, f and g, 

f : 1\tJ ----7 N 
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and 
9 : N -----'t P 

then there is a map called the composition of I and g, denoted by 9 0 I, which 

maps ]vI to P. This is defined in the obvious way: take a point x of M, find the 

point 1(:1.') of N, and use 9 to map it to P: 

(g 0 f)(x) = g(f(x)) 

It is conventional to write the composition go I in such a way that the map acting 

first is the one on the right. 

A.2.Some Definitions from Advanced Calculus 

A.2.1 Open set 

U is open if V :r E U there exists a neighborhood V of x such that x EVe U. 

A.2.2 COO(Smooth Function) 

Let A be an open set of ?RII, I : A -----'t ?R a function, the value of f 
at(;rl,;1.'2, ... ,:r n ) is denoted f(x) = f(XI,X2, ... ,:rn ). The function f is said to 

be a Coo function or smooth function if its partial dervatives of any order \V.r.t. 

:l'l, ;L'2, ... , :1.' II exist and are continuous. 

A.2.3 CW(Analytic Function) 

A function I is said to be analytic if it is Coo and for each point XO E A 

there exists a neighborhood U of xO, such that the Taylor series expansion of f at 

:L'O converges to f( x) for all x E U. 

A.3.Some Elementary Notions of Topology 

A.3.1 Topology 

Let 5 be a set. A topological structure, or a topology, on 5 is a collection of 

subsets of 5, called open sets, satisfying the axioms, 

(i) the union of any number of open sets is open; 

(ii) the intersection of any finite number of open sets is open; 
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(iii) the set 5 and the empty set 0 are open. 

A.3.2 Topological Space 

A set 5 with a topology is called a topological space. 

A.3.3 Basis 

A basis for a topology is a collection of open sets, called basic open sets, 

with the following properties: 

(i) 5 is the union of basic open sets; 

(ii) a nonempty intersection of two basic open sets is a union of basic op~n sets. 

A.3.4 Neighborhood 

A neighborhood of a point p of a topological space is any open set which 

contains p. 

A.3.5 Continuous Map 

Let 51 and 52 be topological spaces and F a mapping F : 51 -} 52. The 

mapping F is continuous if the inverse image of every open set of 52 is an open set 

of 51. 

A.3.6 Open Map 

The mapping F is open if the image of an open set of 51 is an open set, of. 

A.3.7 Homeomorphism 

The mapping F is a homeomorphism if is a bijective map and is both con

tinuous and open. 

A.3.8 Hausdorff Space 

A topological space 5 is said to be an Hausdorff space if any two different 

points PI and P2 have disjoint neighborhoods. 



248 

A.4.Manifolds 

A.4.1 Locally Euclidean Space 

A Locally Euclidean Space X of dimension n is a topological space such that 

for each p EX, there exists a homeomorphism i.p mapping some open neighborhood 

of p onto an open set in ~n. 

A.4.2 Manifold 

A manifold lVI of dimension n, or n-manifold, is a topological space with 

the following properties: 

(i) j\1 is Hausdorff, 

(ii) j\I is Locally Euclidean of dimension n, and 

(iii) j\1 has a countable basis of open sets. 

A.4.3 Diffeomorphism 

Let Nand .!.H be smooth manifolds, both of dimension n. A mappmg 

F : N --t j\1 is a diffeomorphism if F is bijective and both F and F- 1 are smooth 

mappmgs. 

AAA Coordinate Chart 

Let 0 be an open subset of ~1l. A coordinate chart on 0 about a point 

.1:0 E 0 is a pair (U, </1). where U c 0 is open, ¢> : U --t ?Rn is analytic, and there 

exists an analytic map </1-1 : ¢>(u) --t u s.t. ¢>-I¢>(u) = u for each u E U. In other 

words, ¢ is analytic and has an analytic inverse. (One could replace analytic with 

CW,w;:::: 0, or Coo.) 

AA.5 Coordinate Function 

Sometimes ¢> is represented as a set( <PI, ... , <Pn), and ¢>i :--t ~ is called the 

i-th coordinate function. 

A.4.6 Local Coordinates 

If p E U, the n-tuple of real numbers(<pl(p), ... , ¢>n(P)) is called the set of 

local coordinates of p in the coordinate chart (U, ¢». 
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A.A.7 Coordinate Transformation 

Let (U, ¢), (V,1/;) bc two coordinatc charts on 0 wi th Un V nOIlcmpty. The 

mappmg 

taking for each p E U n V the set of local coordinates 

into the set 

IS callcel a coorelinatc transformation on U n V. The coordinate transformation 

I;) 0 ¢ -1 can be represented in the form 

(

YI) (YI{XI, ... ,xn)) 
y = : = : = Y{X) 

Yn Yn(Xl, ... ,Xn) 

anel the inverse transformation cP 0 1/;-1 in the form 

x = x(y) 

x, 

Fig. (A -1) Coordinate Transformatio!1 
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A.5.Vectors 

A.5.l Tangent Vectors 

A tangent vector v at p IS a map v COO(p) ~ ~ with the following 

properties: 

(i) (Linearity) : v(aA + b,) =av(A) + bu({) for all A" E COO(p) and a,b E ~ 

(ii) (Leibnitz rule): v(A,) =,(p)v(A) + A(p)v({) for all A" E COO(p). 

A.5.2 Tangent Space 

Let N be a smooth manifold. The tangent space to N at p, written TplV, is 

the set of all tangent vectors at p. 

Theorenl 

Let N be a smooth manifold of dimension n. Let p be any point of N. The 

tangent space TpN to N at p is an n-dimensional vector space over the field ~. If 

([I, y) is a coordinate chart around p, then the tangent vectors (/ ) , ... , (If-) 
'PI P 'Pn p 

form a basis of TpN. Let v be a tangent vector at p. From the above theorem it is 

seen that 
11 (f)) v=LVj -. 

i=1 ayZ p 

where VI, •.• ,V/I are real numbers. 

A.5.3 Vector Fields 

Let N be a smooth manifold of dimension 11. A vector field J on N is a 

mapping assigning to each point pEN a tangent vector f(p) in TpN. A vector 

field f is smooth if for each pEN there exists a coordinate chart (U, c.p) about p 

and real-valued smooth functions iI, ... ,In defined on U, for all q E U, 
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A.5.4 Flow Lillcs(Integral Curves) 

Let X be it vector field. A function a: I x 0 -t 0, 0 E I C ~ is an 

interval, is called the How of X if 

and 

ao(:z:) = x, 

where at(x) is a submunifold ovcr an interval of interest, and the left-hand side is 

II tallgcut vector to the submanifold. 

Let X (x) = Ax, where A is n x n matrix. Then 

\ 
\ 

Fig. (A-2) All integral curve of vector field 
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A.5.5 Lie Bracket 

Lie- bracket is an operator taking a pair of vector fields and producing a 

third vector field. The product [I, g] is called the Lie bracket of the two vector 

fields f and g. 

Theorem 

Let X and Y be two vector fields. 

(a) Suppose that in local coordinates (Xl"'" Xn) , one represents X and Y as 

(

a I (x) ) ( bI (:r) ) 
X(X) = : ,Y(X) = : ' 

Qn(x) bn(x) 

Then, 

[X, Y] = ay X _ ax y = 
a:r a.r (

!!.b. 
aXI 

ab n 
aXI 

i!.E..L) (b ) aXn I 

· . · . · . 
££.n... bn 
aXn 

(b) Suppose that in local coordinates (Xl, ... ,Xn ) one represents X and Y as 

Then, 

A.5.6 Lie Derivative and Leibnitz Formula 

Suppose f and g are Coo vector fields on ~n, W is a Coo one form on ~n, 

and h is a Coo function. 

For anyone form 
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and vector field 

f=!I(~)+'''+fn(~) , 
aXl aXn 

the dual product (w, j) is defined as the scalar function 

(w,j) = Wdl + ... +wnfn . 

The Lie derivative of a function measures the rate of change of the function in the 

direction of the vector field. The Lie derivative of h with respect to f is 

Lf(h) = (dh,j) 

The Lie derivative of U' with respect to f 

where * denotes transpose and aa~· and M are Jacobian matrieces. The two kinds 

of Lie derivatives and Lie bracket are related by Leibnitz formula. 

Lf(w,9) = (Lf(w),9) + (tv, [j,g]) 

A.5.7 Some Facts Concerning the Lie Bracket and Lie Derivative are: 

( a) it has anti-symmetry property 

[X,Y] = -[Y,X] 

( b) it satisfies Jacobi identity ,i.e 

[X, [Y, Z]] + [Z, [X, Y]] + [Y, [Z, X]] = 0 

( c) it is bilinear over ~, i.e 

[aX, Y](x) = a(x)[X, Y](x) - (Lxa(x))Y(x) 

(note that Lxa(x) is real valued function). 
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It is often very convenient to view the Lie bracket as an operator taking 

a pair of vector fields and producing a third vector field. For this reason, one 

introduces the so-called ad-notation: 

(ad1 j,g) = [j,g] 

In this notation we can introduce successive Lie brackets [j, [j,g]], [g, [j,g]], etc., 

and define 

A.6 Involutive 

(ad1 j,g) = [j,g] 

(ad2 j, g) = [j, [j, g]] 

A set of vector fields {Xl, ... , X m} is said to be involutive if there are scalar 

fields (Xijk such that 
m 

[Xi,Xj] = LlXjjkXk 

k=l 

A.7 Completely Integrable 

If for every point, assuming Xl, . .. ,Xm are linearly independent, there 

exists an m-dimensional submanifold ]vI in ~n such that at each point of ]vI the 

tangent space of lvI is spanned by X 1, ... , X m. 

A.S Frobenius Theorem 

A set of linearly independent vector fields is completely integrable if and 

only if it is involutive. 
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A.9 Distribution 

Let 0 be an open subset of ~n and let TO denote its tangent bundle (i.e., 

TO = 0 x ~n is the union of tangent spaces). A distribution ~ on 0 is a specifi

cation at each p E 0 of a subspace ~(p) C ~}O (Recall: TpO = )Rn). 

a) A distribution ~ is said to be analytic if there exist analytic vector fields 

Xl, ... ,Xk such that ~(x) = span{XI(x), ... ,Xk(x)} for all x EO. 

b) ~ has constant dimension if dim ~(x )=dirn ~ (y) for all x, yEO . 

c) A vector field Y is said to belong to ~ if Y(x) E ~(x) for all x E O. One 

writes Y E Delta . 

cl) The nicest type of distribution would be one for which one could find 

local coordinates (x 1, ... , X n) such that 

_ a a 
~(:L') = span{ -a- , ... , -a-} 

Xl Xn 

Such a distribution is said to be completelv integrable. 

For the definitions of F-tran.sformation, F-related, and F-equivalent, we need 

to introduce the following. 

Let U be an open neighborhood of the origin in ~n+m space and V be 

an open neighborhood of the origin in ~1l. Let (Xl, X2, ••• , X n , 1£1,112, .•• , Urn) and 

(YI,Y2, ... ,Yn,VI,V2,""Vm) = (TI,T2, ... ,Tn,Tn+I,Tn+2, ... ,Tn+m) denote the 

state and control variables in U and T(U), respectively. 

let us consider two control systems 

with their respective trajectory functions ¢ and 'ljJ. 

The definitions of F-transformation, F-related, and F-equivalent system for 

single input systems are given in Su (1982). In Hunt, Su, and Meyer (1983) they 

extend these definitions to multi-input systems. 
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A.I0 F-transformation 

A F-transformation T with Domain U is a diffeomorphism onto an open 

neighborhood of the origin in Rn+m which is nonsingular and maps the origin to 

the origin. Notice that F-transformation can be viewed as the combination of a 

coordinate change of the state space by (T1 , • •. , Tn) and a coordinate change of 

the control space by Tn+1(x, u) which is state-dependent. 

A.II F-related 

The system Sl is F-related to the system S2 if there 

exists a F-tro.n.qfnrmation Ton U, such that for each state Xo E V and each admissi

ble control u the following holds. If we let Yo = T( .TO, u( 0)) and T( <!>( tj Xo, u), 1I (t)) = 

(y(i),v(i)) whenever <!>(tjXo,u) is a state in U, then y(i) = '1i'{ijyo,v). 

A.12 F-eguivalent 

The system S1 is F-eq'lli'ualent to S2 if Sl is F-related to S2 by transformation 

T wi th domain U. 
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PARK'S TRANSFORMATION 

A great simplification in the nonlinear model of the synchronous machine 

is obtained if Park's transformation is used. The effect of Park's transformation is 

simply to transform all stator quantities from phases a, b, and c into new variables 

the frame of reference of which moves with the rotor. We should remember, howev

er, that if we have three variables ia, ib, and ie, we need three new variables. Park's 

transformation uses two of the new variables as the d and q axis components. The 

third variable is a stationary current i o , which is proportional to the zero-sequence 

current. We define the d axis of the rotor at some instant of time to be at angle 

B with respect to a fixed reference position as shown in Fig.(2.1). Let the stator 

phase currents i a , ib and ie be the currents leaving the generator terminals. If we 

"project" these currents along the d and q axes of the rotor, we get the relations 

. ( (2)[. . B . . (B 27f) . . (B 27f)] 
lqaxis = V sta sm + lb sm - 3 + le sm + 3 

ie/axis = (VI)[ia cosB + ib cos(B - 2;) + ie cos(B + 2;)] 

The transformation, in the case of currents, takes the form 

or, using matrix notation, 

1 

v'2 
cos(B - 2t) 
sin( B - 2371") 

. . 
lodq = p1abe 

1 1 v'2 
cos( B + 2311") 

sin(B+ 2t) 

(bl) 

(b2) 

(b3) 

(b4) 

which defines the p matrix and the inbc and iodq vectors. Similarly, for voltages 

and flux linkages, we get 

Uodq = PUabe (b5) 

and 

(b6) 
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The new odq variables are also called Park's variables, Note that the transformation 

matrix p depends on 0 and is nonsingular; in fact, 

[ 

1 

2 ../2 
-1 T 1 

P =p =/f <' 
../2 

cos 0 

cos(O - 2311") 

cos(O + 2;) 

sinO 1 
sin(O - 2311") 

sine 0 + 2311") 

(b7) 

vVe need to consider all six components of each current, voltage, or flux linkage 

vector. vVhile we wish to transform the stator-based (abc) variables into rotor-based 

(odq) variables, we wish to leave the original rotor quantities (FDQ) unaffected. 

vVith this objective we define the 6-dimensinal vector iB and the 6 x 6 matrix B 

as follows: 

ld 

• lq 
IB = 

ZF 

lD 

ZQ 

Za 

p 0 

= Bi (bS) 

o I 

where I is the 3 x 3 identity matrix and 0 is the 3 x 3 zero matrix. Similarly, we 

define 

UB = Bu (b9) 

and 

~'B = B1f; . (bIO) 

The reader can easily check that 

(bll) 
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Park's Voltage Equation 

vVe next derive the voltage-current relations using Park's variables. Starting 

with equations (2.3.7) , which is repeated below, 

• d1jJ 
u = -RI+

dt 

and using (b8) to (bIO), we find that 

Premultiplying on the left by B, we get 

U sing the relation 

BRB-1 = R 

we can simplify (bI2) as 

dB- 1 d1/'B 
UB = -RiB + B--1/'B +--

dt dt 

(bI2) 

(bI3) 

(bI4) 

Thus, just as in (2.3.9), \ve get "speed voltages" and "transformer voltages." Next, 

we wish to obtain a more explicit expression for the matrix B( d~;l) in (bI4). We 

first calculate B( d~; 1) . 

Using (b8) and (bll), we get 

B dB -
1 

= [p ~] [d~l ~] [ p dp
-

1 

~] (bI5) dO 
dO 0 0 

It may be observed that 

dP-1 2 [~ 
a 

~~ 1 [~ 
0 

~ll PdB=3 a 0 (bI6) 
3 1 2" 



and hence 
0 0 0 
0 0 -1 0 

dB-1 

BdO= 
0 1 0 

0 0 

a 6 x 6 matrix with only two nonzero elements. 

Finally, noting that 

Be dB-I) = B( dB-l )( dO) 
dt dO dt 

and 

substituting (bIt) in (b14), we get the electrical equation: 

where 

o 
-'l/Jq 

W ~'d 
UB = -RiB + (-)( 0 

Wo 
o 
o 

. . 
W = 0 = Wo + D 
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(b17) 

(blS) 

For balanced conditions the zero-sequence voltage and current are zero. Then for 

balanced conditions and from (blS) we may write the voltages in the d and q axes 

as follows 
. . 

Wolld = 'l/Jd - wo'l/Jq - woRtid - 'l/JqD 

. . 
Wo1l q = wo'l/Jd + ~'q - woRtiq + 'l/Jd D . 
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Exact Linearization Program for Synchronous Generator 

using Differential Geometry 
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These programs are used to investigate the existence of a transformation 

which transforms a nonlinear synchronous generator model to a 

controllable linear system. If transformation exists, then the 

program will try to solve partial differential equations 

and will return the transformation and its inverse. 

******************************************************************** 

* 
* 

7th Order Application * 
* 

******************************************************************** 

(Dl) CREOSOTE_:[ISMIEAL.MAC]GEN7D.OUT;3 

(C2) BATCH(lgen7d.mac"); 

(D3) - X5 Y5D - X4 Y4D + X3 Y1D 

(C4) id:Y4d*x3-Y2d*x4+Y6d*x5; 

(D4) X5 Y6D + X3 Y4D - X4 Y2D 

(C5) ikd:-Y5d*x3-Y6d*x4+Y3d*x5; 

(D5) - X4 Y6D - X3 Y5D + X5 Y3D 



(C6) iq:-Ylq*x6+Y3q*x7; 

(06) X7 Y3Q - X6 Y1Q 

(C7) ikq:-Y3q*x6+Y2q*x7; 

(07) X7 Y2Q - X6 Y3Q 

(08) X4 (X7 Y3Q - X6 Y1Q) - X6 (XS Y6D + X3 Y40 - X4 Y20) 

\* K1S=WO/(2*H) 

(C9) f:[x2,-kl*x2-k15*(Ylc*x4*x6+Y3q*x4*x7-Yld*x3*x6+Y6d*xS*x6), 

-K2*x3+K3*x4+K4*xS,wo*um*sin(xl)+wo*x6, 

K8*x3+K9*x4-Kl0*xS,um*wo*cos(xl)-wo*x4, 

K13*x6-K14*x7]; 

(09) [X2, - Kl X2 - K1S (XS X6 Y60 + X4 X7 Y3Q - X3 X6 Y1D + X4 X6 Y1C), 

K4 XS + K3 X4 - K2 X3, WO X6 + UM WO COS(Xl), - Kl0 XS + K9 X4 + K8 X3, 

UM WO COS(Xl) - WO X4, K13 X6 - K14 X7] 

(Cl0) g: [[0,K1S,0,0,0,0,0], [O,O,WO,O,O,O,O]]; 

(010) [[0, K1S, 0,0,0,0,0], [0,0, WO, 0,0,0,0]] 

(011) DONE 

(C12) TRANSFORM(F,G); 
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Hello,TRANSFORM tries to solve the problem: 

Given the non linear system: 

dX 

= F(X) + U G (X) + U G (X) 

dT 2 2 1 1 

find a non singular transformation that takes this system to a controllable 

linear system: 

dZ 

= B • V + A • Z 

dT 

checking if the system is in block triangular form .... 

system not in block triangular form ==> trying the general method ... 

the system is multi-input ==> computing first the Kronecker indices of 

the equivalent controllable linear system 

k[ 1 J= 5 

k[ 2 J= 2 

********************** 
Kronecker indices are: 

********************** 



checking the first condition of transformability ..... 

The set C spans an n-dim space 

checking the second condition of transformability ... 

checking the third condition of transformability .... 

span of C1 =span of C1 IC 

span of C2 =span of C2 IC 

All the conditions are satisfied 

trying to construct (if possible) the transformation .... 

ALGSYS cannot solve - system too complicated. 

Returned to Macsyma Toplevel. 

******************************************************************** 

* 
* 

5th Order (Approximation 1) Application * 
* 

******************************************************************** 

(D6) CREOSOTE_:[ISMIEAL.MAC]GEN5D.OUT;4 

(C7) BATCH("gen5d.mac"); 

(C8) f:[x2,-k1*x2-k16*sin(2*x1)-k17*x5*cos(x1)-k18*x3*sin(x1)

k19*x4*sin(xl),-k2*x3+K3*urn*cos(xl)+k4*x4,-kl0*x4+k9*urn*cos(xl)+ 

k8*x3,-k13*um*sin(xl)-k14*x5]; 
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(D8) [X2, - Kl X2 - K17 COS(Xl) X5 - K19 SIN(Xl) X4 - K18 SIN(Xl) X3 -

K16 SIN(2 Xl), K4 X4 - K2 X3 + K3 UM COS(Xl) , - Kl0 X4 + K8 X3 + 

K9 UM COS(Xl), - K14 X5 - K13 UM SIN(Xl)] 

(C9) g:[[0,K15,0,0,0],[0,0,wo,0,O]]i 

(D9) [[0, K15, 0,0,0], [0,0, WD, 0,0]] 

(Dl0) DONE 

(Cll) TRANSFORM(F,G)i 

Hello,TRANSFORM tries to solve the problem: 

Given the non linear system: 

dX 

= F(X) + U G (X) + U G (X) 

dT 2 2 1 1 

find a non singular transformation that takes this system to a controllable 

linear system: 

dZ 

= B • V + A • Z 

dT 

checking if the system is in block triangular form .... 



system not in block triangular form ==> trying the general method ... 

the system is multi-input ==> computing first the Kronecker indices of 

the equivalent controllable linear system 

k[ 1 J= 3 

k[ 2 J= 2 

********************** 
Kronecker indices are: 

********************** 

checking the first condition of transformability ..... 

The set C spans an n-dim space 

checking the second condition of transformability ... 

checking the third condition of transformability .... 

span of C1 =span of C1 IC 

span of C2 =span of C2 IC 

All the conditions are satisfied 

trying to construct (if possible) the transformation .... 

**************************** 
The new state variables are : 
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X5 

z[ 1 J= - ------
K13 K15 

- K14 X5 - K13 SIN (Xl) 

z[ 2 J= - ----------------------
K13 K15 

K14 (- K14 X5 - K13 SIN(Xl» COS(Xl) X2 

z[ 3 J= ---------------------------- + ----------

K13 K15 K15 

X4 

z[ 4 J= -
K8 WO 

- Kl0 X4 + K8 X3 + K9 UM COS(Xl) 

z[ 5 J= - ---------------------------------
K8 WO 

**************************** 
The new control variables are 

***************************** 

v[ 1 J= COS(Xl) (- K17 COS(Xl) X5 - K19 SIN(Xl) X4 - K18 SIN(Xl) X3 

2 

K14 (- K14 X5 - K13 SIN(Xl» 

- K16 SIN(2 Xl -Kl X2) + K15 Ul)/K15 - ----------------------------

K13 K15 
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SIN (Xl) X2 K14 COS(Xl) 

+ X2 (- ---------- - -----------) 

K1S K1S 

K4 X4 - K2 X3 + K3 COS(Xl) + U2 WO 

v[ 2 J= - ----------------------------------

WO 

Kl0 (- Kl0 X4 + K8 X3 + K9 COS(Xl» K9 SIN (Xl) X2 

+ ----------------------------------- + -------------

K8 WO K8 WO 

(011) DONE 

******************************************************************** 

* 
* 
* 

Sth order (Approximation 2) Application 
* 
* 
* 

******************************************************************** 

(010) CREOSOTE_:[ISMIEAL.MACJGENSOB.OUT;l 

(C11) BATCH(lgenSd1.mac"); 

(C12) f:[x2,-kl*x2-k20*x4*xS+k18*x3*xS, 

-k2*x3+k3*x4,wo*um*sin(Xl)+wo*xS,wo*um*cos(xl)-wo*x4]; 

(012) [X2, -Kl X2 + K18 X3 XS - K20 X4 XS, K3 X4 - K2 X3, WO XS 

+ WO UM SIN(Xl), WO UM COS(Xl) - WO X4J 
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(C13) g:[[0,K15,0,0,0],[0,O,wo,0,0]]; 

(D13) [[0, K15, 0, 0, 0], [0,0, HO, 0, 0]] 

(D14) DONE 

(C15) TRANSFORM(F,G); 

Hello,TRANSFORM tries to solve the problem: 

Given the non linear system: 

dX 

= F(X) + U G (X) + U G (X) 

dT 2 2 1 1 

find a non singular transformation that takes this system to a controllable 

linear system: 

dZ 

= B • V + A • Z 

dT 

checking if the system is in block triangular form .... 

system not in block triangular form ==> trying the general method ... 

the system is multi-input ==> computing first the Kronecker indices of 

the equivalent controllable linear system 

********************** 
Kronecker indices are: 



********************** 
k[ 1 ]= 4 

k[ 2 ]= 1 

checking the first condition of transformability ..... 

The set C spans an n-dim space 

checking the second condition of transformability ... 

checking the third condition of transformabili ty .... 

span of Cl =span of Cl IC 

span of C2 =span of C2 IC 

All the conditions are satisfied 

trying to construct (if possible) the transformation .... 

ALGSYS cannot solve - system too complicated. 

Returned to Macsyma Toplevel. 

******************************************************************** 

* 
* 
* 

Multi-input 3rd Order Application 
* 
* 
* 

******************************************************************** 

(D6) CREOSOTE_:[ISHIEAL.MAC]GEN3D.OUT;4 
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(C7) BATCH(lgen3d.mac"); 

(C8) f:[x2,-k16*sin(2*xl)-k18*x3*sin(xl)-K*wo/(2*H)*X2,k3*um*cos(xl) 

-k2*x3J ; 

K WO X2 

(08) [X2, - K18 SIN(Xl) X3 - ------- - K16 SIN(2 Xl), K3 UM COS(Xl) 

2 H 

-K2 X3J; 

(C9) g:[[0,wo/(2*H),OJ ,[O,O,woJJ; 

WO 

(09) [[0, OJ, [0, 0, woJ J 

2 H 

(010) DONE 

(Cll) TRANSFORM(F,G); 

Hello,TRANSFORM tries to solve the problem: 

Given the non linear system: 

dX 

-- = F(X) + U G (X) + U G (X) 

dT 2 2 1 1 
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find a non singular transformation that takes this system to a controllable 

linear system: 

dZ 

-- = B • V + A • Z 

dT 



checking if the system is in block triangular form .... 

system not in block triangular form ==> trying the general method ... 

the system is multi-input ==> computing first the Kronecker indices of 

the equivalent controllable linear system 

k[ 1 ]= 2 

k[ 2 ]= 1 

********************** 
Kronecker indices are: 

********************** 

checking the first condition of transformability ..... 

The set C spans an n-dim space 

checking the second condition of transformability ... 

checking the third condition of transformability .... 

span of Cl =span of Cl IC 

span of C2 =span of C2 IC 

All the conditions are satisfied 

trying to construct (if possible) the transformation .... 
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2 H Xl 

z[ 1 J= - -----

WO 

2 H X2 

z[ 2 J= - -----

WO 

X3 

z [ 3 J= 

WO 

**************************** 
The new state variables are : 

**************************** 

**************************** 
The new control variables are 

***************************** 

K WO X2 Ul WO 

2 H (- K18 SIN(Xl) X3 - ------- - K16 SIN(2 Xl) + -----) 

2 H 2 H 

v[ 1 J= - --------------------------------------------------------

WO 

- K2 X3 + K3 UM COS(Xl) + U2 WO 

v[ 2 J= -------------------------------

wo 
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(D11) DONE 

******************************************************************** 

* 
* 
* 

Single-input 3rd Order Application 
* 
* 
* 

******************************************************************** 

(Dl) PSI5_:[ISMIEAL.MAC]GEN3Dl.0UTi3 

(C2) BATCH(lgen3dl.mac")i 

(C3) PgI=k2l*sin(dO)+k22*sin(2*dO)i 

(D3) PGI = SIN(2 DO) K22 + SIN (DO) K2l 

(C4) f:[x2,-D/M*X2-l/M*x3-K2l/M*sin(2*(xl+dO»-K22/M*sin(xl+dO)+PgI/M, 

K23*x2-l/Tg*x3]i 

X3 D X2 K2l SIN(2 (Xl + DO» K22 SIN (Xl + DO) PGI 

(D4) [X2, - - ---- - -------------------- - ---------------- + 

M M M 

(C5) g:[[O,O,l/Tg]]i 

(D5) 

1 

[[0, 0, --]] 

TG 

M M 

X3 

K23 X2 - --] 

TG 
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(06) DONE 

(C7) TRANSFORM(F,G); 

Hello,TRANSFORM tries to solve the problem: 

Given the non linear system: 

dX 

= F(X) + U G (X) 

dT 1 1 

find a non singular transformation that takes this system to a controllable 

linear system: 

dZ 

= B . V + A • Z 

dT 

checking if the system is in block triangular form .... 

system in block triangular form 

the transformation is easy to construct 

z [ 1 ] = Xl 

**************************** 
The new state variables are: 

**************************** 



z[ 2 ]= X2 

X3 + D X2 + K2i SIN(2 Xi + 2 DO) + K22 SIN(X1 + DO) - PGI 

z[ 3 ]= - ---------------------------------------------------------

M 

***************************** 
The new control variables are: 

***************************** 

v[ i ]= «D TG + M) X3 + (- 2 K2i M TG COS(2 Xi + 2 DO) -

2 
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K22 M TG COS(Xi + DO ) + (D - K23 M) TG) X2 + D K21 TG SIN(2 Xi + 2 DO) + 

2 

D K22 TG SIN(Xi + DO) - M Ui - D PGI TG)/CM TG) 

CD7) BYE 
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(Dl) PSI5_:[ISMIEAL.MAC]OBS1.0UTj4 

(C2) BATCH(lobs.sisogl")j 

(C3) 1******************************************************************1 
This programe is used to transform single output 

nonlinear systems 

dx 

= f(x,t) 

1* dt 

1* y=h(x,t) 

1* to the observer canonical form for single output as 

1* 

1* dz 

1* = AZ - a(Zn) 

1* dt 

1***********************************************************************/ 

PI:k2l*sin(Xll)-k22*sin(2*X1l)j 

(D3) K2l SIN(Xll) - K22 SIN(2 Xll) 

(C4)/* enter the nonlinear system and the output *1 

f:[X2,-D/M*X2-(1/M)*X3-(k2l/M)*sin(Xl+Xll)+(k22/M)*sin(2*(Xl+Xli))+PI/M, 

+(Kg/(Wo*Tg))*X2-(i/Tg)*X3] j 

X3 D X2 K22 SIN(2 (Xi1 + Xi)) K2l SIN(Xli + Xi) 

(D4) [X2, - + --------------------- - -----------------

M 

K2l SIN(Xll) - K22 SIN(2 Xii) KG X2 X3 



+ ----------------------------- ----- - --] 

M 

(C5) hl:Xl; 

(05) Xl 

(C6) /* comput the lie derivative */ 

dhl[O] :rnatrix([diff(hl,xl),diff(hl,x2),diff(hl,x3)]); 

(06) 

(C7) for n:l thru 2 do ( 

nlidev(f ,hl ,n) , 

pnlidev(f,hl,n), 

[1 0 0] 

dhl[n] :rnatrix([diff(pnlidev(f,hl,n),xl), 

diff(pnlidev(f,hl,n),x2), 

diff(pnlidev(f,hl,n),x3)]»; 

(07) DONE 

(C8) dhl[l] :radcan(dhl[l]); 

(08) [0 1 0] 

(C9) dhl[2] :radcan(dhl[2]); 

[ 2 K22 COS(2 Xll + 2 Xl) - K2l CoS(Xl1 + Xl) 

(09) [ -------------------------------------------

[ M 

TG WO TG 

o 1 ] 

- - ] 

M M ] 

278 



(Cl0) o:addrow(dhl[OJ,dhl[lJ ,dhl[2J); 

[ 1 0 0 J 

[ ] 

[ 0 1 0 ] 

(Dl0) [ ] 

[ 2 K22 COS(2 Xll + 2 Xl) - K2l COS(Xll + Xl) D 1 ] 

[ ------------------------------------------- - - J 

[ M 

(Cll) 1* Find the rank of observanility matrix 

rank(o); 

(D11) 3 

(C12) qO: (0---1) .matrix( [oJ, [OJ, [1]); 

(D12) 

(C13) pO: [qO[l,lJ ,qO[2,lJ ,qO[3,lJJ; 

[ 0 J 

[ J 

[ 0 J 

[ J 

[ - M J 

(D13) [0, 0, - MJ 

(C14) 1* compute the lie bracket of f and PO *1 

ql:adj(-f,pO,l) ; 

M M J 

*1 
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(D14) 

M 

AD (F, G) = [0, 1, --J 
1 TG 

(C15) q2:adj(-f,pO,2); 

(D15) 

(C16) q2:radcan('l.); 

(D16) 

AD (F, G) = [1, 

2 

1 D KG M 

----- - ---] 

TG M TG WO 2 

TG 

D TG + M KG TG - M WO 

AD (F, G) = [1, - -------- ------------J 
2 M TG 2 

TG WO 

(C17) q3:adj(-f,pO,3); 

280 

1 D 2 K22 COS(2 (Xll + Xl» K21 COS(Xll + Xl) 

(D17) AD (F, G) = [-
3 TG M M M 

KG M KG M 

----- - 1 D 1 D ----- -
TG WO 2 D (- -) KG (- - -) TG WO 2 

TG TG M TG M TG 

- ----------- - ------------ ------------- - -----------J 
M M TG WO TG 
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(C18) q3:radcan(Y.); 

D TG + M 2 

(D18) AD (F, G) = [- --------, (TG (M WD 

3 M TG 

2 

(2 K22 CDS(2 Xll + 2 Xl) - K21 CDS(Xll + Xl» + D WD) + M TG (D WD - KG) 

2 2 

2 2 2 - M WD + D KG TG + 2 KG M TG 

+ M WD)/(M TG WD), - ------------------------------] 

3 

M TG WD 

(C19) ql :rnatrix( [0] , [1] ,[M/TgJ); 

[ 0 ] 

[ ] 

[ 1 ] 

(D19) [ ] 

[ M ] 

[ -- ] 

[ TG ] 

(C20) q2 :rnatrix ( [1] , [- Cl/Tg) - (DIM)] , [(KgI (Tg*Wo» -HI (Tg) -2] ) ; 

[ 

[ 

[ 

[ 

1 

1 ] 

] 

D ] 

] 



(D20) [ TG M ] 

[ ] 

[ KG M ] 

[ ----- - --- ] 

[ TG WO 2 ] 

[ TG ] 

(C21) q3:matrix([-(D*TG +M)/(M*TG)],[(TG-2*(M*WO*(-k21*cos(Xl+Xll) 

+2*k22*cos(2*Xll+2*Xl))+D-2*WO)+M*TG(D*WO-KG)+M-2*Wo) 

/(M-2*TG-2*WO)] ,[(-M-2*WO+D*KG*TG-2+2*KG*M*TG)/(M*TG-3*WO)]); 

D TG + M 2 

(D21) MATRIX([- --------], [(TG (M WO (2 K22 COS(2 Xll + 2 Xl) 

M TG 

2 2 2 2 

- K21 COS(Xll + Xl)) + D WO) + M TG(D WD - KG) + M WD)/(M TG WD)], 

2 2 

- M WD + D KG TG + 2 KG M TG 

[------------------------------]) 

3 

M TG WD 

(C22) qt:addcol(qO,ql,q2); 

[ 0 0 1 ] 

[ ] 

[ 1 D ] 

[ 0 1 ] 

(D22) [ TG M ] 
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[ J 

[ M KG M J 

[ - M ----- - --- J 

[ TG . TG WO 2 J 

[ TG J 

(C23) /* check the necessary and sufficient condition */ 

qt---l; 

[ D WO + KG 1 1 'J 

[ --------- - - J 

[ M TG WO TG M ] 

[ J 

(D23) [ D TG + M J 

[ -------- 1 0 ] 

[ M TG J 

[ J 

[ 1 0 0 J 

(C24) b:-(qt---l).q3; 

2 

(D24) MATRIX([- (TG (M WO (2 K22 COS(2 Xll + 2 Xl) - K21 COS(Xll + Xl» 

2 2 2 3 

+ D WO) + M TG(D WO - KG) + M WO)/(M TG NO) 

2 2 

- M NO + D KG TG + 2 KG M TG (D TG + M) (D WO + KG) 

+ ------------------------------ + ----------------------J, 



2 3 2 2 

M TG WO M TG WO 

2 

(D TG + M) 2 

[----------- - (TG (M WO (2 K22 COS(2 Xll + 2 Xl) - K2l COS(Xll + Xl»+ 

2 2 

M TG 

2 2 2 2 D TG + M 

D WO) + M TG(D WO - KG) + M WO)/(M TG WO)], [--------]) 

M TG 

(C25) bl:b[2,1]; 

2 

(D TG + M) 2 

(D25) ----------- - (TG (M WO (2 K22 COS(2 Xll + 2 Xl) -

2 2 

M TG 

2 2 2 2 

K2l COS(Xll+Xl» + D NO) + M TG(D WO - KG) + M NO)/(M TG NO) 

(C26) bl:radcan('l.); 

2 

(D26) - (TG NO (2 K22 COS(2 Xll + 2 Xl) - K2l COS(Xll + Xl» + 

2 

TG(D WO - KG) - 2 D TG WO)/(M TG WO) 
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(C27) b2:b[3,1] j 

D TG + M 

(D27) 

M TG 

(C28) al:integrate(bl*diff(hl,xl),xl)j 

2 

(D28) - (TG WD (K22 SIN(2 Xll + 2 Xl) - K2l SIN(Xll + Xl» + 

2 

TG(D WD -KG) Xl - 2 D TG WD Xl)/(M TG WD) 

(C29) al:radcan('l.)j 

2 

(D29) - (TG WD (K22 SIN(2 Xll + 2 Xl) - K21 SIN(Xll + Xl» + 

2 

TG(D WD -KG) Xl - 2 D TG WD Xl)/(M TG WD) 

(C30) a2:integrate(b2*diff(hl,xl),xl)j 

(D TG + M) Xl 

(D30) 

M TG 

(C31) larnda:pnlidev(f,hl,3)+pnlidev(f,a2,2)+pnlidev(f,al,1)j 
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KG X2 X3 

TG WO TG X3 D X2 K22 SIN(2 (Xii + Xi)) 

(D3i) - ---------- + (D TG + M) (- -- - ---- + ---------------------

M M M M 

K2i SIN(Xii + Xi) K2i SIN(Xii) - K22 SIN(2 Xii) 

- ----------------- + -----------------------------)/(M TG) 

M M 

X3 D X2 K22 SIN(2 (Xii + Xi)) K2i SIN(Xii + Xi) 

- D (- -- - ---- + --------------------- - -----------------, 

M M M M 

K21 SIN(Xii) - K22 SIN(2 Xii) 2 K22 COS(2 (Xii + Xi)) 

+ -----------------------------)/M + (-----------------------

M M 

K21 COS(Xli + Xi) 2 

- -----------------) X2 - (TG WO (2 K22 COS(2 Xii + 2 Xi) -

M 

2 

K2i COS(Xii + Xi)) + TG(D WO - KG) - 2 D TG WO) X2/(M TG WO) 

(C32) lamda:radcan(lamda); 

(D32) (TG (D WO X2 - KG X2 + WO (K22 (SIN(2 Xii + 2 Xi) - SIN(2 Xii)) 

2 

+ K2i (SIN(Xii) - SIN(Xi1 + Xi)))) - TG(D WO - KG) X2)/(M TG WO) 
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(C33) nas:matrix([diff(lamda,xl),diff(lamda,x2),diff(lamda,x3)], 

[diff(bl,xl),diff(bl,x2),diff(bl,x3)], 

[diff(hl,xl),diff(hl,x2),diff(bl,x3)]); 

[ 2 K22 COS(2 Xli + 2 Xl) - K21 COS(Xll + Xl) ] 

[ ------------------------------------------- ] 

[ M TG ] 

[ ] 

(033) Col 1 = [ K21 SIN(Xll + Xl) - 4 K22 SIN(2 Xli + 2 Xl) ] 

[ - ------------------------------------------- ] 

[ 

[ 

[ 1 

M 

[ TG (0 WO - KG) - TG(O WO - KG) ] 

[ ------------------------------ ] [ 0 ] 

[ 2 ] [] 

Col 2 = [ 
[ 

[ 

[ 

[ 

(C34) rank(nas); 

(034) 

M TG WO 

o 

o 

(C35) 1* 

z3:hl; 

Find the transformation 

1 

] Col 3 = [ 0 ] 

] 

] 

] 

] 

[ ] 

[ 0 ] 

] 

] 

] 

287 



(D35) Xi 

(C36) dz3:matrix([diff(z3,xl),diff(z3,x2),diff(z3,x3)]); 

(D36) [1 0 0] 

(C37) z2:dz3.f+a2; 

(D TG + M) Xi 

(D37) X2 + -------------

M TG 

(C38) z2:radcan(z2); 

TG (M X2 + D Xi) + M Xi 

(D38) 

M TG 

(C39) dz2:matrix([diff(z2,xl),diff(z2,x2),diff(z2,x3)]); 

(D39) 

(C40) zi:dz2.f+ai; 

[ D TG + M ] 

[-------- i 0] 

[ M TG ] 

X3 (D TG + M) X2 D X2 K22 SIN(2 (Xli + Xl)) 

(D40) + ------------- - ---- + ---------------------

M H TG M H 
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2 

- (TG WO (K22 SIN(2 Xll + 2 Xl) - K21 SIN(Xll + Xl)) + TG(D WO - KG) Xl 

2 K21 SIN(~11 + Xl) 

- 2 D TG WO Xl)/(M TG WO) - ----------------- + 

M 

K21 SIN(Xll) - K22 SIN(2 Xll) 

M 

(C41) zl:radcan(zl); 

2 

(D41) - (TG WO (X3 + K22 SIN(2 Xll) - K21 SIN(Xll)) 

2 

+ TG (- M WO X2 - 2 D WO Xl) + TG(D WO - KG) Xl)/(M TG WO) 

(D42) DONE 



/*********************************************************************/ 

/* This program is used to transform the multi output */ 

/* nonlinear system: */ 

/* dx */ 

/* = f(x,t) */ 

/* dt */ 

/* y= h(x,t) */ 

/* to the observer canonical form */ 

/* dz */ 

/* =AZ +a(zn) */ 

/* dt */ 

/*********************************************************************/ 

(Dl) CREOSOTE_:[ISMIEAL.MAC]MO.OUT;4 

(C2) BATCH(lobs.mo"); 

(C3) PI:K2l*sin(Xll)-K22*sin(2*(Xll)); 

(D3) K2l SIN(Xll) - K22 SIN(2 Xli) 

(C4) f:[x2,(-D/M)*X2-(1/M)*X3-(K2l/M)*sin(Xl+Xll)+(K22/M)*sin(2*(Xl+Xll)) 

+(PI/M),(Kg/(Wo*Tg))*X2-(1/Tg)*X3]; 

X3 D X2 K22 SIN(2 (Xll + Xi)) K2l SIN(Xii + Xl) 

(D4) [X2, - - ---- + -------------------- - ----------------

M M M M 

K2l SIN(Xll) - K22 SIN(2 Xli) KG X2 X3 

+ ---------------------------- ----- - --] 

M TG WO TG 
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(C5) h2:Xl; 

(05) Xl 

(C6) hl:x2; 

(06) X2 

(C7) dhl[0]:matrix([diff(hl,xl),diff(hl,x2),diff(hl,x3)]); 

(07) [0 1 0] 

(C8) dh2[0] :matrix([diff(h2,xl),diff(h2,x2),diff(h2,x3)]); 

(08) 

(C9) for n:l thru 2 do ( 

nlidev(f,hl,n), 

pnlidev(f ,hl ,n), 

[1 0 0] 

dhl[n] :matrix([diff(pnlidev(f,hl,n),xl), 

diff(pnlidev(f,hl,n),x2), 

diff(pnlidev(f,hl,n),x3)])); 

(09) DONE 

(Cl0) o:addrow(dh1[O] ,dh1[l] , dh2 [0] ); 

(010) 

[ 

[ 

o 

[ 2 K22 COS(2 (Xll + Xl)) K21 COS(Xll + Xl) 

[ ----------------------- - ----------------

1 

o 

o ] 

] 

1 ] 

] 
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[ 

[ 

[ 

(C11) rank(o); 

(D11) 

M 

1 

3 

(C12) qO:(o---1).matrix([O],[1] ,[0]); 

(D12) 

(C13) q01 :matrix( [1] , [0] , [1]) ; 

(D13) 

(C14) pO: [qO[1,1] ,qO[2,1] ,qO[3,1]]; 

[ 0 ] 

[ ] 

[ 0 ] 

[ ] 

[ - M ] 

[ 1 ] 

[ ] 

[ 0 ] 

[ ] 

[ 1 ] 

(D14) [0, 0, - M] 

(C15) pOi: [q01[1, 1] , qOi[2, 1] , qOi[3, 1]] ; 

(D15) [1, 0, 1] 

M M 

o 

M ] 

] 

o ] 
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(C16) ql:adj(-f,pO,l); 

(D16) 

(C17) q2:adj(-f,pO,2); 

M 

AD (F, G) = [0, 1, --J 

1 TG 

1 D KG M 

(D17) AD (F, G) = [1, - -- - - ----- - ---J 
2 TG M TG WO 2 

TG 

(C18) q012:adj(-f,pOl,1); 

293 

2 K22 COS(2 (Xl1 + Xl)) K21 COS(Xll + Xl) 1 1 

(D18) AD (F, G) = [0, ----------------------- - ---------------- - - - --J 

1 M M TG 

(C19) ql :matrix( [OJ, [lJ , [M/TgJ) ; 

[ 0 J 

[ J 

[ 1 J 

(D19) [ J 

[ M J 

[ -- J 

[ TG J 

(C20) q2:matrix([lJ,[-(1/Tg)-(D/M)J,[(Kg/(Tg*Wo))-(M/(Tg-2))J); 



(D20) 

[ 

[ 

1 J 

J 

[ 1 D J 

[ - -- - - J 

[ 

[ 

TG M J 

J 

[KG M J 

[ ----- - --- J 

[ TG WD 2 J 

[ TG J 

294 

(C21) q012:matrix([OJ,[-«K21*cos(X11+X1)/M)+2*K22*cos(2*(X1+X11))/M)-1/MJ, 

[-1/TgJ) ; 

(D21) 

[ 

[ 

o ] 

] 

[ 2 K22 COS(2 (X11 + X1)) K21 COS(X11 + X1) 1 J 

[ - ---------------------- - ---------------- - - ] 

[ 

[ 

[ 

[ 

[ 

M 

1 

TG 

M M ] 

] 

] 

] 

] 

(C22) qt:addcol(qO,q1,q01); 

[ 0 0 1 J 

[ J 

[0 1 0 J 

(D22) [ J 



[ M ] 

[ - M 1 ] 

[ TG ] 

(C23) bl:(qt---l).q2; 

(023) 

[ KG M 

[ ----- - --- 1 D 

[ TG WO 2 - -- - -

] 

] 

] 

[ TG TG M 1 ] 

[ - ----------- + -------- + - ] 

[ M TG M ] 

[ ] 

[ 1 0 ] 

[ ] 

[ TG M ] 

[ ] 

[ 1 ] 

(C24) b2:(qt---l).q012; 

(024) 

[ 2 K22 COS(2 (Xll + Xl)) K2l COS(Xll + Xl) 1 ] 

[ - ---------------------- - ---------------- - - ] 

[M M M 1 ] 

[------------------------------------------------ + ---- ] 

[ 

[ 

[ 

[ 

[ 

[ 

TG 

2 K22 COS(2 (Xll + Xl)) 

M 

M TG ] 

] 

K2l COS(Xll + Xl) 1 ] 

] 

] 

] 

M M 
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[ o ] 

(C25) t:addrow(bi,b2,[hi],[h2]); 

[ KG M ] 

[ 1 D ] 

[ TG WO 2 - -- - - ] 

[ TG TG M 1 ] 

[ - ----------- + -------- + - ] 

[ M TG M ] 

[ ] 

[ i D ] 

[ ] 

[ TG M ] 

[ ] 

[ i ] 

[ ] 

(D25) [ 2 K22 COS(2 (Xii + Xi» K2i COS(Xii + Xi) i ] 

[ - ------------------------ - ---------------- - - ] 

[ M M M 1 ] 

[ ----------------------------------------------- + ---- ] 

TG M TG ] 

] 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

2 P2 COS(2 (Xii + Xi» K2i COS(Xii + Xi) 1 ] 

] 

] 

] 

] 

] 

] 

M M M 

o 

X2 
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[ 

[ Xi 

(C26) ti:addcol(diff(t,xi),diff(t,x2),diff(t,x3)); 

[ 

[ 

[ 

[ 

[ 

[ 

o 

o 

o 

o 0 ] 

] 

o 0 ] 

] 

o 0 ] 

] 

[ 4 K22 SIN(2 (Xii + Xi)) K2i SIN(Xii + Xi) ] 

[ ------------------------ + ---------------- ] 

[M M ] 

[------------------------------------------- 0 0 ] 

(D26) [ TG ] 

[ ] 

[ 4 K22 SIN(2 (Xii + Xi)) K2i SIN(Xll + Xi) ] 

[ ------------------------ + ---------------- 0 0 ] 

[M M ] 

[ 

[ 

[ 

[ 

[ 

[ 

o 

o 

i 

] 

o 0 ] 

] 

i 0 ] 

] 

o 0 ] 

(C27) rank(t1); 

(D27) 2 

] 

] 
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(C28) dhdx:rnatrix([diff(hl,xl),diff(hl,x2),diff(hl,x3)],[diff(h2,xl), 

diff(h2,x2),diff(h2,x3)])j 

[ 0 1 o ] 

(D28) [ ] 

[ 1 0 o ] 

(C29) tdhdx:transpose(dhdx)j 

[ 0 1 ] 

[ ] 

(D29) [ 1 o ] 

[ ] 

[ 0 o ] 

(C30) st:dhdx.tdhdxj 

[ 1 o ] 

(D30) [ ] 

[ 0 1 ] 

(C31) stt:tdhdx.(st---l)j 

[ 0 1 ] 

[ ] 

(D31) [ 1 o ] 

[ ] 

[ 0 o ] 

(C32) bt:addrow(bl,b2)j 



(D32) 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

[ -

[ 

KG M 

1 D 

TG WO 2 

TG TG M 1 

- ----------- + -------- + -

M TG M 

1 D 

TG M 

1 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

] 

2 K22 COS(2 (Xll + Xl)) K21 COS(Xll + Xl) 1 ] 

M M M 

] 

1 ] 

[ ------------------------------------------------- + ---- ] 

[ 

[ 

[ 

[ 

[ 

[ 

[ 

TG 

2 K22 COS(2 (Xll + Xl)) K21 COS(Xll + Xl) 1 

M M M 

o 

M TG J 

] 

] 

] 

] 

] 

] 

(C33) b:addcol(diff(bt,xl),diff(bt,x2),diff(bt,x3))i 

[ 

[ 

o o 0 ] 

] 
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(D33) 

[ 

[ 

[ 

[ 

o 

o 

00] 

] 

00] 

] 

[ 4 K22 SIN(2 (Xll + Xl)) K2l SIN(Xll + Xl) ] 

[ ---------------------- + ------------------

[ M M 

] 

] 

[------------------------------------------- 0 0] 

[ 

[ 

TG 

[ 4 K22 SIN(2 (Xll + Xl)) K2l SIN(Xll + Xl) 

] 

] 

] 

[ ------------------------ + ---------------- 0 0] 

[ M 

[ 

[ 

M 

o 

] 

] 

00] 

(C34) ss:b.stt; 

[ 0 

[ 

[ 0 

[ 

[ 0 

[ 

[ 

[ 

(D34) [ 

[ 0 

[ 

[ 

[ 

o 

o 

o 

] 

] 

] 

] 

] 

] 

4 K22 SIN(2 (Xll + Xl)) K2l SIN(Xll + Xl) ] 

---------------------- + ------------------ ] 

M M ] 

------------------------------------------- ] 

TG ] 

] 

4 K22 SIN(2 (Xll + Xl)) K2l SIN(Xll + Xl) ] 
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[0 ------------------------ + ---------------- ] 

[ 

[ 

[ 0 

M M 

o 

] 

] 

] 

(C35) al:integrate(bl,x2),xl:y2,x2:yl; 

[ KG M ] 

[ ----- - 1 D ] 

[ TG WO 2 - -- - - ] 

[ TG TG M 1 ] 

[ (- ----------- + -------- + -) Yl ] 

(D35) [ M TG M ] 

[ ] 

[ 1 D ] 

[ (- -) Yl ] 

[ TG M ] 

[ ] 

[ Yl ] 

(C36) a2:integrate(b2,xl),xl:y2,x2:yl; 

(D36) 

[ K22 SIN(2 (Y2 + Xli) K21 SIN(Y2 + Xll) Y2 ] 

[ - -------------------- - ------------------ - ] 

[M M M Y2 ] 

[ ------------------------------------------------ + ---- ] 

[ 

[ 

[ 

[ 

[ 

TG 

K22 SIN(2 (Y2 + Xll)) K21 SIN(Y2 + Xll) Y2 

H 

M TG ] 

] 

] 

] 

] 
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[ 

[ o 

(C37) all:al[2,1],yl:x2,y2:xl; 

1 D 

(D37) (- - -) X2 

TG M 

(C38) z12:hl; 

(D38) X2 

(C39) z2l:h2; 

(D39) Xl 

(C40) dz12:rnatrix([diff(z12,xl),diff(z12,x2),diff(z12,x3)]); 

(D40) [0 1 0] 

(C4l) Zll:dz12.f-all; 

X3 

(D41) - -- - (-

M 

1 D D X2 K22 SIN(2 (Xl1 + Xl)) 

- -) X2 - ---- + -------------------- -

TG M M M 

K2l SIN(Xl1 + Xl) K21 SIN(X1l) - K22 SIN(2 Xll) 

------------------ + -----------------------------

M M 

(C42) al0:rnatrix([diff(zll,xl),diff(zll,x2),diff(zll,x3)]).f; 

] 

] 
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KG X2 X3 

TG WO TG X3 D X2 K22 SIN(2 (Xll + Xl)) 

(D42) - ---------- + (- ---- + ---------------------- -

M M M M 

K21 SIN(Xll + Xl) K21 SIN(Xl1) - K22 SIN(2 Xll) 

------------------ + ----------------------------)/TG+ 

M M 

2 K22 COS(2 (Xll + Xl)) K21 COS(Xll + Xl 

(------------------------ - ----------------)X2 

M 

(C43) a20:rnatrix([diff(z21,xl),diff(z21,x2),diff(z21,x3)]).fj 

(D43) X2 

(C44) larndal:al0j 

KG X2 X3 

TG WO TG X3 D X2 K22 SIN(2 (Xll + Xl)) 

(D44) - ---------- + (- ---- + -------------------- -

M 

K21 SIN(Xll + Xl) X21 SIN(Xl1) - K22 SIN(2 Xll) 

------------------ + -----------------------------)/TG + 

M M 



2 K22 CDS(2 (Xli + Xl)) K21 CDS(Xll + Xl) 

(------------------------ - -------------------)X2 

M M 

(C45) lamda2:a20; 

(D45) X2 

(C46) nas:addrow(bl,[lamdal],[hl],b2,[lamda2],[h2]); 

KG M 

----- - 1 D 

TG WD 2 

TG TG M 1 1 D 

(D46) MATRIX([- ----------- + -------- + -] , [- - -] , [1], 

M TG M TG M 

KG X2 X3 

TG WO TG X3 D X2 K22 SIN(2 (Xli + Xl)) K21 SIN(Xll + Xl) 

[- ---------- + (- -- - + --------------------- - ----------------

M M M M M 

K21 SIN(Xll) -K22 SIN(2 Xli) 2 K22 CDS(2 (Xli + Xl)) 

+ ---------------------------)/TG +(----------------------- -
M 

K21 CDS(Xll + Xl) 

-----------------)X2], [X2], 

M 

M 

2 K22 CDS(2 (Xli + Xl)) K21 CDS(Xll + Xl) 1 
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M M M 1 

[----------------------------------------------------- + ----J, 
TG M TG 

2 K22 COS(2 (Xli + Xl» K21 COS(Xll + Xl) 1 

[- ----------------------- - ---------------- - -J, [OJ, [X2J, [X1J) 

M M M 

(C47) nass:addcol(diff(nas,xl),diff(nas,x2),diff(nas,x3»; 

(D47) MATRIX([O, 0, OJ, [0,0, OJ, [0,0, OJ, 

K21 S1N(Xll + Xl) 4 K22 S1N(2 (Xli + Xl» 

[(---------------- - ------------------------) X2 

M M 

2 K22 COS(2 (Xli + Xl» K21 COS(Xll + Xl) 

M M 

+ -------------------------------------------

TG 

2 K22 COS(2 (Xli + Xl» K21 coseXll + Xl) KG D 

----------------------- - ---------------- - ------- - 0], [0, 1, OJ, 

H M M TG WO M TG 

4 K22 SIN(2 (Xli + Xl» K21 S1N(Xll + Xl) 

----------------------- + ----------------

M M 

[------------------------------------------, 0, OJ, 
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TG 

4 K22 SIN(2 (Xll + Xl)) K21 SIN(Xll + Xl) 

[----------------------- + ----------------, 0,0], [0,0,0], [0,1,0], 

M M 

[1, 0, 0]) 

(C48) rank(nass); 

(048) 2 

(049) DONE 
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