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ABSTRACT

Dynamic stability problems of a generator connected 
to an infinite bus through a transmission line have been 
studied previously. 'Jrf'this thesis an analysis of this sta

bility problem is undertaken using modern control techni

ques. A nonlinear model of the generator together with its 

automatic voltage regulator is obtained, and is then line

arized about the operating point. Four different types of 

power system stabilizers are designed on the basis of this 

linearized model. Dynamic stabilizer designs have been pro

posed by industry people, and these designs will serve as 

a standard of comparison. Modern control theory is used 

herein to obtain other stabilizers. The effectiveness of 

these stabilizers is tested by subjecting the system to a 

pulse disturbance. Time responses of the state variables 

are then compared to those resulting from the use of a dyn

amic stabilizer. It is found that there is a definite impr

ovement in terminal voltage and internal frequency damping 

when stabilizers based on modern control are implemented. 

Cost functions are also compared in order to more completely 

specify the overall performance of the stabilizers.
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CHAPTER 1

INTRODUCTION

I. Thesis Objectives

This thesis deals with the design of power system 

stabilizers (PSS). The development of PSS was prompted 

by a need to improve the dynamic stability of inter

connected power systems.

Imbalance between the generated and demanded reactive 

power results in bus voltage deviations. Recently, fast 

response automatic voltage regulators (AVRs) have been used 

to return the terminal voltage to within the specified tolerance 

instantaneously following a disturbance. It has been 

indicated in [1]*  that the damping of power system swings 

may be hampered rather than aided by very fast response 

excitation systems. It was also demonstrated [1,2] that 

an excitation system could be employed to damp oscillations 

if the voltage regulator error signal is supplemented 

by an appropriate control signal.

*Square brackets are used to denote reference numbers.

In this thesis the feasibility of using modern control 

strategies to obtain the desired supplementary control 

signal has been explored. Basically two different types

1
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of controllers are discussed. One is a dynamic contr

oller in the form of lead-lag circuits using one of the 

state variables as the input. The second is a contro

ller with constant gains using either all the state vari

ables or estimates of all the state variables as input . The 

output is the(constrained)optimal control signal applied 

to the input of the AVR.

II. Background

The development of digital computers for transient 

stability studies of large power systems has led to a 

number of interesting developments. With modern computers 

it has been possible to include details of the exciters 

and voltage regulators. It was also possible to study 

system behavior for a longer time by using high speed com

puters. Some stability curves were found to diverge only 

after several oscillations, rather than on the first swing 

following a disturbance [2]. The voltage regulator was the 

chief contributor to this insufficient damping. Results 

of stability studies showed that a speed error signal 

applied to generators with static exciters would produce 

damping. Derivation of the equivalent rotor speed signal 

by measuring the frequency of the internal voltage (i.e., 

terminal voltage compensated for the quadrature reactance 
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drop) bypasses other measurement problems and yields a 

signal of sufficient high quality so that damping is ef

fected.

The power system stabilizer designed in [1] uses 

this internal frequency as the only input. The first PSS 

developed therein is a combination of lead-lag circuits which 

can be thought of as a fixed structure controller with 

certain free parameters (gains and time constants). Fre

quency domain techniques are used in [1] to determine these 

parameters. This stabilizer has been redesigned in this 

thesis because Schleif’s paper does not include sufficient 

details of the generator model and also does not use the 

IEEE standard exciter model [4]. The basic structure of 

their PSS has been retained but the optimum values of these 

parameters are obtained using a different approach [3]. 

This is done to be as fair as possible in comparing their 

results with PSS designed using the modern control approach.

III. Foreword

Theoretical development of the model structure is 

discussed in Chapter 2. A system of equations to mathema

tically describe the model is then developed. Chapter 3 

presents the different control algorithms to be used in the 

design of PSS. Simulation results illustrating the performance 

of each of the PSS designs are given in Chapter 4. In Chapter 

5, performance of each PSS is discussed and interpretations 



of the results are given. Finally, in Chapter 6 some conc

lusions are drawn and suggestions for further research are 

made.



CHAPTER 2

MODEL STRUCTURE

I. The Excitation System Model

The excitation system considered herein is of the high 

initial response category which is defined by the IEEE [4] 

as one capable of reaching ceiling voltage in less than 

0.05 seconds. The system is capable of equal ceiling 

voltage in the boost and buck directions, yielding fast 

control to increase or decrease field current from its 

normal value. Field current in the negative direction 

is not possible, and no forseeable operating condition 

would necessitate this capability. Physically, the 

excitation system consists of only static components. 

Excitation power is obtained from the generator terminals 

through suitable transformers. The power is rectified by 

stationary thyristor modules which deliver current to the 

field winding through collector rings. A solid-state 

regulator receives voltage, current, and auxiliary infor

mation from the main generators, and controls the thyristor 

firing pulses. Auxiliary equipment allows for manual 

operation and startup capability.

5
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Benefits to be derived from a high initial response 

excitation system include the high exciter ceiling voltages 

and short response times which can be utilized to force the 

main generator field current rapidly to a new level. 

During system faults the generator voltage is forced to 

maintain a high level to aid in system stability. Also, 

the terminal voltage can be maintained at normal levels 

during overspeed or load rejection.

Pei*  Unit System

For the development of the excitation system,it has 

been useful to establish a per unit voltage base. For 

the model described herein, one per unit generation is 

defined as the rated voltage. One per unit exciter 

output is that voltage required to produce rated generator 

voltage on the generator air gap line.

Transfer Function Model

Figure 2.1 is the block diagram of the excitation 

system used in the computer simulation studies. In order 

to have a satisfactory representation all of the significant 

transfer functions are included. The transfer functions 

of Figure 2.1 will now be described in detail. The first 

summing point compares the regulator reference with the 

generator terminal voltage et to determine the voltage 

error input to the regulator amplifier. The second 

summing point combines voltage error input with the



Aet

Fig.2.1 The excitation system model
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excitation major damping loop signal. The regulator is 

characterized by a gain factor and a time constant T^. 

Following this, the maximum and minimum limits of the 

regulator are imposed so that large input error signals 

cannot produce a regulator output which exceeds practical 

limits..The next input/output relation is that of the 

exciter, approximated by l/CK^ + sT^). The saturation 
£j hi

function of the exciter is neglected, as the operating point 

is such that the exciter does not saturate. The major dam

ping loop signal is provided by the stabilizing transformer 

The transfer function sK„/(l + sT.J is used to model the 

input/output relation of this device. Appendix A gives the 

values of the constants of Fig. 2.1 actually used in the 

simulation.

II. The Generator and Tieline Model

A typical case of a synchronous generator connected 

to an infinite bus through an external reactance has been 

considered here. A nonlinear generator model is developed 

using direct and quadrature-axis representation with time 

constants given by Adkins [5], and simplifying assumptions 

made by Park [6]. Because only slow oscillations are 

studied, the transformer action between the direct and 

quadrature axes is assumed negligible. Armature resistance 

and saturation effects in both axes are neglected. No 

local loads are connected to the generator. Appendix A 
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presents the assumptions made and the pertinent equations 

used with the definitions of parameters included in the 

nonlinear generator model. Fig. 2.2 gives the complete 

exciter/nonlinear generator model connected to an infinite bus.

Following the analysis of deMello and Concordia [7], 

a linearized small perturbation model of the generator and 

tieline can be developed. A rigorous treatment, to 

obtain a linearized model from the nonlinear model, is 

given in Appendix B. The constants IQ through Kg of 

Fig. 2.3 are defined as follows:

Ki = —- change in electrical power for a
AS Eq' 

change in rotor angle with constant 

flux linkages in the direct-axis.

K2 = AEq’ change in electrical power for a 

change in direct-axis flux 

linkages with constant rotor angle.

Xd'-Xe
Xd+Xe

K. = —---^3. demagnetizing effect of a change in
4 k3 a6

rotor angle.



voltage
Fig 2.2 Combined model of exciter/nonlinear generator 

connected to an infinite bus.
o



Fig,2,3 The linearized generator model
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change in Eq1 for constant rotor 

angle.

Aet 
*5 = A6

Eq'
change in 

change in 

constant

terminal voltage 

rotor angle for 

Eq*  .

with

Aef
K6 AEq' 5 change in terminal voltage with

Some facts about the linear model given in Fig. 2.3 

will now be given. ----- —---- is the transfer function
(l + K3Td0' s)

of the generator field and is determined by Kj and the 
open-circuit time constant . The feedback gain D 

portrays the speed or frequency - dependent damping (such 

as load damping, friction, windage, etc.). The mechanical 

oscillations of the rotor of the synchronous machine are 

characterized by the fundamental oscillator formed by the 

synchronizing coefficient Kd, the inertia, and the tieline. 

The coefficient K5, which may be positive or negative, is 

generally negative for machines prone to exhibit insuf

ficient damping especially at operating points near full 

load.

The steady-state operating values of <50, Eq0, Eo, 
edo and eq0 are found by choosing real load current IpO 

= 1.0 p.u., reactive load current I ~ = 0.0, e. =1.0 qo to
p.u., and utilizing the equations in Appendix B. Values 
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of the constants through Kg are then evaluated using the 

relations for these constants given in Appendix B.

Appendix A presents the numerical values of the constants 

Ki through Kg.

III. Formulation of the System Equations

The combined model of the exciter and linear generator 

shown in Fig. 2.4 can be modeled in the following state vector 
form:

x = Ax+Bu+Dv ....................... (2.1a)

where

X1 AVr

x2 AEfd

x3 AESt

x4 Aet

x5 AN

x6 A6

1
Ka

1 + sTA
(-x3-x4+u^Vref)

u is an input vector and v= PM
It is now required to put the state variables of the 

system in the above standard form. From the block dia

gram of Fig 2.4, we have by inspection



Armature
Reaction

Fig.2.4 Combined model of the exciter and linear generator

connected to an infinite bus.
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ZXE

X2

X3

4 6

X5 = (^PM-Dxt.-K1x,-K9AE!)T^s v M 5 1 6 2 qJ

By inverse Laplace transformation of the above equations,

we obtain the following set of differential equations:

X4 =

X5 =

m t X 9 ~ p. — , X . + 3 7 7IC r X r (rp , ^o Z '^3^0 '' 5 5 ^o

K K K K
___    x -   X + f - — -   —1 XTmK, x4 T x5 LK,Tk, TmJ X6M 6 M 6 M M

K5
K-T’5 X6
3 do

....(2.4)
+ i-AP (2.5)

11

x, = 377 Xr6 b (2.6)
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In standard form, the equations are

"^1" • 1
"ta

0
kaX ka 

"ta
0 0 X1

x2
1

"te "tb
0 0 0 0 x2

■ Kp F E 1 o o oX3 — E F tftb tf x3

x4 0
K6

0 1 377K5
KS K4K6

x4Tdo Vdi X3Td; Tdi

♦ 0 0 0
K2 D NJ U1

x5 We T KaTm T.,6 M M
X5

x6 0 0 0 0 377. 0 x6
te. —

wherein A,B,and D are easily identified by comparison with(2.1a).
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It is clear that the open loop system is unstable since 

two of its eigenvalues are in the right-half of the com

concept of damping torque given in [7]. For this purpose

of the

to a change in the angle and its effect on voltage 

given by

plex plane. This instability can be explained using the 

*The eigenvalues of the system are shown in Fig. 2.5

ATD due 

is

IV. The System Eigenstructure

consider the contribution coming through branch account

ing for the effect of angle on terminal voltage. In Fig.

2.6 represents the modified block diagram

entire excitation system. The exact expression for 

D 1X2 iX5=------------------------------------  # Tjlus
(1/k3+k6k6)+s(t£/k3+t^o)+s2t^ot

^D,. . * ** K2 K5 K

* Using the parameter values given in Appendix A.

** Throughout this thesis w will be used to denote the 

imaginary part of the complex variable s ; i.e., 

s = <r + jw

— (-jW; - ---------------------------------------------------------------
(1/K3+K£K6)+jw(Tfi/K3+T^o)-wZT^oT

K K K (T€/K3+T*  ) w
Am = _______ -__ 2_________J QO___________ ____ Zs

rj 9 9 9 9<1/K3+K(K6-w2T'oT ) + (T(/K3+T^o) w

This component gives positive damping whenever k3 is 

positive, but for a large number of cases K^.is negative



co



Fig. 2.6 An illustration of constant 

affecting the damping torque.
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(especially for moderate-to-high system transfer impedance 

and heavy loading). In Section 2.II, IpO=1.0 p.u. and XE= 

1.0 p.u. were chosen corresponding to a heavily loaded 

generator and a very high system reactance. These two 

quantities make negative which in turn provides a 

negative damping torque. This negative damping torque 

plays a prominent role in making the open loop system 

unstable.



CHAPTER 3

DESIGN OF POWER SYSTEM STABILIZERS

In this chapter four different types of power system 

stabilizers are discussed. These stabilizers will be 

identified by Type I, II, III, and IV throughout the thesis. 

A full description of each of them is given below.

Stabilizer Type I : Dynamic stabilizer having the 

structure given in [1] (DS)

Stabilizer Type II : Deterministic optimal constant 

state feedback controller (DOFC)

Stabilizer Type III: Deterministic Observer with 

optimal controller (DOOC) 

Stabilizer Type IV : Stochastic optimal controller 

(SOC)

This chapter is divided into four sections. Each section 

describes the algorithm used to develop one stabilizer.

I. Design of Dynamic Stabilizer (Lead-Lag Circuits) (DS)

This type of power system stabilizer has been des

igned in [1]. As mentioned in the introduction, [1] 

does not use the standard model of the exciter and the 

generator. In this section this type of stabilizer has 

21
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been redesigned using the standard excitation system model given 

in an IEEE Committee Report [4] and the generator model 

given by Concordia [7]. The basic structure of this PSS 

has been retained but optimum values of the parameters are 

obtained using a different approach.

The structure used in [1] is given by the transfer 

function,

G (1+T,s)(1+Tos) TpsG (s) = —±5. (3.1) 
PSS (1+T„s) (1+T.s) (1+T„s)

Z ‘t Jtx.

wherein the parameters G^, T^, T2, T^z T^.and TR are to be

selected according to some design criteria. According to 

Schlief G pss (s) is ideally designed with a leading phase

characteristic which precisely cancels the phase lag of

G (s) in order that the product G (jw) G-Jjw) be posi-
K pSS K

tive and real throughout the spectrum of interest. GR(s)

is defined as the closed-loop excitation system transfer
ae '

function, i.e., Go(s)= . In other words, the entireR AVref
effort of the PSS is devoted to providing positive damping

torques if, and only if, the phase of the product

G GT>(jw) is zero. The entire design of the PSS ispSS K

based on frequency domain considerations, and local frequency

deviations provide one of the inputs to the PSS. More

details are given in Appendix 0.
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The optimal parameters for the above GpSS can also 

be found via .time'domain methods. The pattern search technique 
[3] is used here to determine the values of the: design para:- . 

meters. The total system including.the original system and 

the stabilizer are of the form:

x = Ax + Dv................................... (3.2)

where state variables x^ through x^ belong to the original sy

stem and state variables Xy through x^ to the stabilizer.

A is the system matrix and D is the disturbance vector. 

The system equations are developed in Appendix C.

The cost functional to be used herein is given by,

tf
J = f r 2 2 2 2 2 2t j. <--7{ t x2 + x3 + x4 * x5 + x6 ]dt . (3.3)

o

Given the cost functional (3.3), the pattern search 

technique will search for a optimal set of parameter 

values of G„, T,, To, T,, T. and TD which minimizes (3.3).
p JL L 4 K

Appendix 0 gives more details of the pattern search 

technique. Fig. 3.1 shows the PSS designed in this 

section. Numerical values of the parameters are given 

in Appendix A. Performance of the system was checked by 
simulating the system with dynamic "stabilizer and the 

results of this simulation are shown in Chapter 4,.



signal 
to the^— 
input 
of the 
regulator

ri+sTi iGp-----LP 1+sT2
•1+sT3 sTr "1
1 + sT4 1+sTrJ -AN

Fig. 3.1 Implementation of the dynamic stabilizer

nj
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11. Design of Optimal Constant Feedback Contoller (DO FC)

To design this type of controller all of the state 

variables should be available. Let the system, for which 

the optimal controller is to be designed be of the form

x(t) = Ax(t) + Bu(t)........................ (3.4)

y(t) = Hx(t)................................. (3.5)

where x(t)eEn is the state of the system and u(t)eEm and 

y(t)eE^ are the input and output of the system respectively.

A, B and H are nxn, nxm and pxn matrices respectively, 

and are independent of time t. Matrices A, B and 

x(t) are defined in Section 2.III.

The cost functional which is to be minimized is
*

given by

J = J (xT(t)Qx(t) + uT(t)Ru(t)]dt.............. (3.6)
o

where Q is a positive semi-definite matrix of dimension (nxn) 

and R is a positive definite matrix of dimension (nxm).
Tn the design, Q and R are chosen to be 

* T denotes •transpose’
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Q =

1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

, R = [1]

Problem Statement

Design a physically realizable control law u = u(x(t)) 

for the system (3.4) which minimizes the cost functional 

(3.6). The solution to this problem can be obtained [8,9] 

as follows:

u(t) = -Kx(t) (3.7)

-1 T where K = R B1? (3.8)

and P is the solution of the algebric matrix Riccati 

equation

T -ITPA + A1? + Q - PBR ±B P = 0 (3.9)

The performance of the system was checked by simulating 

the system with this type of controller. It was then requ

ired to improve the damping of state variables of the 

system. This can be achieved by increasing the system 
stability margin. The basic idea used here is to make the 

real parts of the eigenvalues of the closed-loop system 

less than a constant a , where a> 0 .
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Linear Regulator Problem with a Prescribed Degree of 
Stability [9]

Let the system be given by:

x(t) = Ax(t) + Bu(t).................. (3.10)

where matrices A and B are same as given in II.A. The 

associated cost functional is,

J = J e2at[xT(t)Qx(t) + uT(t)Ru(t)]dt  (3.11)
o

wherein Q and R are given in II.A and the non-negative 

constant a, gives the desired minimum degree of stability of the 

closed-loop system. The minimization problem now becomes 

the task of finding the minimum value of the cost functional 

(3.11) and the associated optimal control.

Define

x(t) = eatx(t)

and

u(t) = eatu(t)

Differentation yields

x(t) = aeatx(t) + eatx(t)

= ax(t) + eatAx(t) + eatBu(t)

= (A+aI)x(t) + Bu(t) .................. (3.12)
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The initial state is defined by x(tQ)= ea ^0 . The 

integrand (3.11) in teims of new variables x(t) and u(t) 

becomes,

J = / [xT(t)Qx(t) + u(t)Ru(t)]dt 
o

(3.13)

Hence the problem reduces to finding a control u(.)?for the 

system (3.12) that minimizes the cost functional (3.13).

The solution to this problem can be obtained as

u(t) = -Kx(t)

-1 T— where K = R 

and P is the solution of the equation

P(A+aI) + (ATtxI)P - PBR-1BTP + Q = 0 . . . . (3.14)

For the system considered in this thesis,and choosing a= 0.25, 

the new matrix (A+al) becomes,

-49.75 0 -20000. -20000. 0 0

1.25 -1.0 0 0 0 0

0.0375 -0.0375 -0.75 0 0 0

0 0.0638 0 -0.053 -125.91 -0.1859

0 0 0 -0.255 0 -0.1334

0 0 0 0 377.0 0.25

It can be shown [9] that the eigenvalues X of the resulting 

closed-loop system.satisfy Re(X)<-a. 
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The matrix Riccati equation can be solved using any of 

the standard .algorithms.

The feedback gain matrix K is determined to be

K = [1.995 1.202 -0.925 22.545 -21.568 7.975]

The system with optimal complete state feedback controller 

having gain matrix K is then simulated to observe the 

behavior of the system state variables. The results of 

the simulation are presented in Chapter 4. Implementation 

of the feedback gains is given, in Fig.. 3.2 . In this case 

Ky = 1.995, KF = 1.202, Ks = -0.925, Kt = 22.545, 

Kn = -21.568 and K5 = 7.975

III• Deterministic Observer with Optimal Controller (DOOC) 

For the optimal complete-state-feedback controller 

described in II, it was assumed that all the state variables 

are directly measurable. It could be costly and often not 

possible to measure all the state variables, and for such 

cases a deterministic observer could be designed to obtain 

estimates of the unmeasurable state variables. These 

estimates are then used to implement the desired control.

The overall problem can be separated into two sub- 

problems, referred to as control and estimation [11] .
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Fig. 3.2 Implementation of optimal constant 
state feedback controller

State

varia

bles of

the system
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Design of the Controller:

In the control phase of the solution it is assumed 

that all the state variables can be measured exactly. 

Clearly this problem reduces exactly to the one described 

in section II., i.e., compute the optimal control law 

u(t) = -Kx(t) which would be applied if x(t) were available 

and if (3.6) were the cost functional. The design of K is 

exactly the same as in section II.

Design of Reduced Order Deterministic Observer:

According to Luenberger [11] if p noise-free measure
ments are available from an nt^1-order system, then an 

observer of order (n-p) can be formulated which, theor

etically, can track the current state variables 

of the system as closely as desired. Hence an obser

ver can be used to estimate the unmeasurable states. The 

observer design procedure described here is given in [12].
Consider a linear deterministic n^h order system 

described by

x(t) = Ax(t) + Bu(t).......................... (3.15)

y(t) = Hx(t)................................... (3.16)

It is assumed that H is of full rank and hence we can 

write (by transformation or reordering of variables)

y = [I 0] x(t) where p is the number of states 
measured.
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Rearranging all the matrices such that :the state

ofvariables conform to the above canonical structure

i.e.,

n-p

X1 p
Ax

(n-p) A22X2

Bl P
B

(n-p)b2

= A11x1 + A12x2 +B1Uxiyields

(3.18)2 A21x1 + A22x2 B2u

According to Gopinath [12] if (H,A) is completely observable, 

then [Aj2,A22] is completely observable, i.e.,

Rank ([Aj2, A22 Aj2 , . . ., A22 n P 1Aj2 ]) - n-p

Since is completely observable we can find

an L such that (A22-LA12) has arbitrary eigenvalues [12].Hence 

if X2 is defined by

x2 " BA2 (x2~x2) + B2u + ^2■ • • • • .(3.19)

then x2 = x2 - X2 implies that

X2 = (X2 - x2)
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However, from Eq. (3.18) and (3.19)

2 LA12X2+ B2u - A22x2A21X1 + A22X2

+ LA12X2 B 2u 21X1

(a22 - LAi2^x2(a22 - LA12)x2

.'.x7 = (A79 - LA,7)x7........................ (3.20)
w Z> Lt -L Zt Li

Therefore, by choosing L appropriately we can make x2 ->■ 0 

as fast as desired. Using Eq. (3.17) to eliminate

from the Eq. (3.19) we obtain,

Allxl2 A22x2 + L(xl B1u) LA12x2

+ A^x^ + Lx^ . . . . (3.21)

Each of the terms on the right side of Eq. (3.21) can be 

observed except LX-^. Replacing Lx^ by (A22 - LA^)LXp 
i. e.
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LA12)x2 - LA^-^x^ - LB^u + B2u

A21X1 + (A22 " LAi2^Lxl * * (3-22)

By integration by parts we can show that

x2 = X2 + exPCA22 " IjA^2) t • [x2 (0) + LA^-^x^(O)

+ LB^u(O) - B2u(0)] + Lx^(t)

Hence by choosing initial conditions suitably for the 

system given by (3.22) we can make

x2 = x2 + Lx-^(t)

x2 - (A22

or more compactly we can write the observer equations:

2(t) ^A22 ~ 2 X 2 + (A22 ~ ^jA12^ ^Xj(t)

+ (A21 - LA11)x1(t) + (B2 - LB1)u(t) . (3.23)

x2(t) = x2(t) + Lx^(t) . , . . .............. (3.24)

with the solution to Eq.(3.22) (see Fig. 3.3 ).

DESIGN EQUATIONS:
In the observer design the main problem is to find an L

such that(A22~ LA^2) has the desired eigenvalues. From Thm.l,
[12],if the given system is completely observable , then

with yi, y2, 

polynomial of

' * ’ Yn p <^enot-*- nU t^ie coefficients of the

(a22- la12) >e- *



Controller

System

Fig.3.3 Implementation of observer and controller

u>
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n-p,. T a n-p v Y ^n-P-1x(A22 - LA12) = s

there exists an L of rank one satisfying

Y1 = al + tr(LAi2^

an-p-l .............  I

Y2 = a2 + a1tr(LA12) + trCLAi2A22^ (3.25)

y = a + a -.trfLAio) + ... + tr(LA19A90n 1) 
'n-p n-p n-p-1 v 12-' v 12 22 J

where the a's are coefficients of characteristic polynomial

of A22, i.e. ,

x^A22^
n-p n-p v „ ^n-p-i s r + Y. a •s i=l 1

Rewriting Eq. (3.25)

1 0............. 0

a1 1............. 0

Y = a + a aq 1 . . . . 0.2 1

tr(LA12)

t.r^LA12A22^

tr^LA12A22 P )

... (3.25a)
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To write Eq. (3.25a) in simplified form, let

1 0................0

ax 1................0
1 A

a2 ai 1........... 0

a ...................... 1n-p-1 J

Obviously A always exists and can be evaluated easily.

TNow assuming L = ag (a and B are ((n-p)xl) and (pxl) 

matrices respectively).

Then tr(LA12A22K) = tr(agTA12A22K)

Te A12A22a

trfA?/ aJ2 (BcJ)

BTA AK a p 12 22 a

So Eq. (12) becomes

T8 A12a

= A 1(Y-a)

gTA12A22n-p"1
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or

»Ta12

T8 A, 9A a = A ^(y-a)

bta A 
12a22

n-p-1

or w(g)a = A l(y-a)

8TAi2A22n"P"1

~ i * -1.. a = w 1(8)A (y-a) .................... (3.27)

According to Lemma 4 [12] rank (w(8)) = n-p for 
almost all g, so a unique solution exists.

.Thus the procedure to design the.observer is as follows:

(1) Choose eigenvalues of (A22 - LA12) at any desired 

location in the left half of the complex plane.

(2) Compute y, a and A matrices.

(3) Choose appropriate g.

(4) Compute w (8).



39

(5) Compute a = w ^(3)A ^(y-a).

(6) Finally find L = ag^.

Design of an Observer for the PSS

u

Wr

^1

it iiig the system
A11

1
-50.0 0.0 ।

in the

-20000.0

form described
A12

-20000.0

earlier

0
—

x2 1.25 - 1.25| 0 0 0 0

x3
=

.0375 -.

--- h
03751 -1.0 0 0 0

x4 0 06381
1

0 -.303 -125. 91 -.1859

x5 0 0 1
i 0 - . 255 25 -.1334

/6 . 0

A21

0 0

A2 2'

37; 0

"X1 ' '20000.0"

X2 0
— —

X3 + 0

x4 0

x5 0

.X6 0

B2
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It is clear from the above arrangement of the system that 

states and are measured and the remaining four 

states are to be observed. Hence the observer is of 

fourth order.
Choosing eigenvalues of (A22 " a"t "5.0, -5.0,

-5.0, -5.0 and gT = [1.0 2.0]T, steps 2, 4, 5, and 6

were computed to find matrix L.

'5.998E-4

L = -1.52E-3

3.528E-5

2.94E-3

1.199E-3

-3.04E-3

7.06E-5

5.87E-3

Finally,the system is simulated with the observer and controller 

using CSMP. Results are shown in Chapter 4. A scheme for 

implementing the observer along with the controller has 

been shown in Fig. 3.3, .

IV. Design of Stochastic Optimal Controller (SOC)

If all the states are not available we can also 

design a Kalman filter [10,13] with assumed statistics of 

system and measurement noises. Let the system be described 

by

x(t) = Ax(t) + Bu(t) + w(t)...............  (3.28)

z(t) = Hx(t) + v(t)........................ (3.29) 
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The matrices A, B and vector x are defined in 3. II.

The noise signals w and v have the following characteristics:

(1) Signals w and v are stationary gaussian process 

with zero mean;
T(2) Signals w and v are uncorrelated, i.e., E[w(t)v (t)] = 0;

(3) Signals w and v are white noise and their correlation 

functions may be written as:

E[w(t)wT(T)] = Q6(t-T)

rp A
EtvCtjv^T)] = R6(t-T)

where <5(t-T) is the Dirac delta function. It is a common 

practice to make elements of w and v uncorrelated, so that 

Q and R become diagonal matrices. Q and R are chosen as:

" 0.01 0 0 0 0 0

0 0.01 0 0 0 0

Q = 0 0 0.01 0 0 0 , R = [0.001]
0 0 0 0.01 0 0

0 0 0 0 0.01 0

0 0 0 0 0 0.01

The initial state x(t0) is taken as a zero mean gaussian 

random vector.

The problem now is to find a closed-loop controller 

for generating the optimal-control input u(t) in terms 
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of the output z (t). For this purpose, it is desired to 

determine u(t) such that the cost functional

J = E{/ [xT(t)Qx(t) + uT(t)Ru(t)]dt} ............. (3.30)
to

is minimized, where expectation is over x(t0) and the stochastic 

processes w and v on the interval (t0,GO ). The matrices Q and 

R are defined in Section II.

Using the s eparation principle [13] this problem can 

separated into two subproblems the estimation problem 

and the control problem.

CONTROL PROBLEM:

To design the controller it is assumed that"all.the 
state variables are available, and hence that we can use the 

technique discussed in 3.II;i.e.,compute the optimal 

control law u(t) = -Kx(t) which would be applied if perfect 

noise-free measurements of x(t) were available and if(3.6) were 

the cost functional. The design of F is exactly the same 

as in II.

ESTIMATION PROBLEM:

In order to use the above controller it is necessary to 

reconstruct the state variables in some fashion from the 

noisy measurements which are the only actual outputs of 

the system. The device which accomplishes this task is 

the Kalman filter. Using the noisy measurements z(t) 
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as inputs, the Kalman filter generates estimates of all the 

state variables.

For this purpose Kalman [10] defined a linear dynamic 

system model very similar to the original system model. The 

input of the filter is z(t) and the output is x(t). Specially, 

x(t) is the solution of

x(t) = Ax(t) + Ke[z(t) - Hx(t)] + Bu(t) . . (3.31) 

wherein Ke is termed the Kalman gain matrix and is defined 

by
TA -1K = PH R................................... (3.32)e

where P in (3.32) is obtained by solving the following 

algebric Riccati equation:

m A rnA _•]
AP + PA + Q - PH R XHP = 0 (3.33)

To compare the performance of the system given in 

Section 3.1 the internal frequency deviation is used as the 

only measurement, i.e.,

H = [0 0 0 0 1.0 0]

The matrix Riccati equation (3.33) was computed to determine 

the following Kalman gain matrix
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1.847

1.238

-487.59
Ke =e -489.36

351.58

0.725

Finally, the system with Kalman filter and controller is 

simulated to see the behavior of the state variables of 

the system. The results are displayed in Chapter 4.



•CHAPTER 4

SIMULATION RESULTS

In this chapter the effectivenessiof the power system- 

•stabilizers designed in Chapter 3 has been studied by sub

jecting the system to a pulse disturbance of -0.4 p.u. for 

a period of 0.025 sec. This is the same disturbance used 

by Schlief [1]. Digital simulation of these stabilizers is 

carried out using both the linear and the nonlinear models 

of the generator.. This chapter has been divided into four 

sections. The first two sections present results using, 

respectively, the linear and nonlinear models when subjected 

to the pulse disturbance. The final two sections give results 

of the two models when system and measurement noises are 

taken into consideration.

I. Results for the Linear Model

The time responses of the generator terminal voltage 

and the internal frequency are given in Figs. 4.1 to 4.4. 

First and second maximum deviations from operating values 

are presented in Table 4.1. The cost function data are 

compared in Table 4.2.

II. Results for the Nonlinear Model

Terminal voltage and internal frequency time res

45
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ponses for the nonlinear generator model when subjected to 

the pulse disturbance input for the dynamic stabilizer are 

given in Figs. 4.1a and 4.2a. These responses for the other 

three stabilizers are depicted in Figs. 4.5 and 4.6.

Ill. Results of the Linear Model with Noise Considered

The system driving noise vector used in the simulation 

is a gaussian white noise with zero mean and covariance 
matrix 10 ^^[1,]. The system measurement noise vector has 

o
the same properties but the dimensions of the noise vector 

and the covariance matrix vary according to the number of 

the state variables measured e.g., in the case of Stabilizer 

Type III(DOOC) only two state variables are measured. In 

that case, the dimension of the measurement noise vector 

will be (2x1) and that of the covariance matrix (2x2).

The time responses of the terminal voltage and inter

nal frequency are given in Figs. 4.7 and 4.8. Table 4.3 

gives the maximum deviations of these state variables from 

the nominal operating values. Cost function data are com

pared in Table 4.4.

IV. Results of the Nonlinear Model with Noise Considered

The properties of the system driving noise and the 

measurement noise are the same as were given in the above 

section. Figs. 4.9 and 4.10 show the time responses of the 

terminal voltage and the internal frequency following the 

pulse disturbance.
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Fig. 4.1 The terminal voltage response of the stabilizer 
Type I (DS) for the pulse disturbance input.
(Linear model,noise-free case)
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the stabilizer Type I(DS) for the pulse 
disturbance input.(Nonlinear model, 
noise-free case)
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Fig 4.2 Internal frequency response of the stabilizer 
Type I(DS) for the pulse disturbance input. 
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Fig. 4.2a The internal frequency response of the 
stabilizer Type I(DS) for the pulse 
disturbance input.(Nonlinear model,noise- 
free case)
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Fig.4.6 Comparison of internal frequency responses to 
the pulse disturbance input.(Nonlinear model , noise- 
free case)
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Fig.4.7 Comparison of the generator terminal voltage
responses to the pulse disturbance input for the 
case of linear model with gaussian noise(Mean=0.0, 
S.D. =0.00001)
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Fig.4.8 Comparison of internal frequency responses to 
the pulse disturbance input for the case of linear 
model with gaussian noise(Mean=0.0,S .D. = 0.00001)

Note:
a.Eb means axlO^
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of nonlinear model with qaussian noise(Mean=0.0,S.D.=.00001)
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Table 4.1 Pulse disturbance responses- 
deviations from steady-state values 
(Linear model,noise-free case)

Stabilizer

Type

Terminal Voltage 

lOOZie-t (p.u.)
Internal Frequency
10000AN (p.u.)

Max.
First
up
Swing

Max.
First
Down
Swing

Max.
Second
up
Swing

Max.
Second
Dow
Swing

Max.
First
Down
Swing

Max.
First 
up
Swing

Max.
Second
DoAvn
Swing

Max.
Secon 
up
Swing

I 
(DS)

1.88 -3.38 3.54 -3.26 -11.3 13.5 -13.5 12.5

II 
(DOFC)

3.056 -1.48 1.84 -0.89 -9.13 7.63 -5.78 4.61

III 
(DOOC)

3.03 -1.76 1.66 - 1.23 -9.12 7.87 -6.01 4.81

IV 
(SOC)

3.22 -0.89 2.08 -0.63 -9.14 7.04 -5.33 4.42
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Table 4.2 A comparison of cost functionals 
(Linear model,noise-free case)

Stabilizer

Type
Jx Ju J +JX u

I
CDS)

13.05 2.2E-3 13.05

II
(DOFC)

7.06E-3 6.81E-4 7.74E-3

III 
(DOOC)

9.97E-3 6.73E-4 1.06E-2

IV 
(SOC)

3.64E-2 7.438E-4 3.72E-2

Model 
without 
stabilizei

284.33 - 284.33
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Linear model with gaussian noise 
(Mean=0.0,S .D .= 0.00001)

Table 4.3 Pulse disturbance responses- 
deviations*from steady-state values.

Stabilizer

Type

Terminal Voltage
100 Aet (p.u.)

Internal Frequency
10000 AN (p.u.)

Max.
First
up

Swing

Max. 
First 
Down 
Swing

Max.
Second
Up
Swing

Max.
Second 
Down 
Swing

Max. 
First 
DoAvn 
Swing

Max.
First 
up
Swing

Max.
Second 
Down 
Swing

Max.
Second 
up
Swing

I 
(DS)

1.88 -3.37 3.53 -3.26 -11.3 13.5 -13.5 12.5

II 
(DO FC)

3.04 -1.43 1.83 -.865 -9.11 7.53 -5.7 4.53

III 
(DOOC)

3.03 -1.76 1.66 -1.22 -9.12 7.87 -6.0 4.81

IV 
(SOC)

3.21 -0.87 2.08 -0.62 -9.12 7.01 -5.32 4.41

* These deviations are time averages for particular 

sample paths of the noise.



62

Table 4.4 A comparison of cost functionals* for 
the case of.linear, model with gaussian 
noise(Mean=0.0,S.D.=0.00001)

Stabilizer

Type
Jx Ju J +J x u

I 
(DS)

13.032 2.21E-3 13.035

II 
(DO FC)

6.76E-3 6.56E-4 7.42E-3

III 
(DOOC)

9.94E-3 6.70E-4 1.06E-2

IV 
(SOC)

3.63E-2 7.42E-4 3.70E-2

* These cost functionals are time averages for 

particular sample paths of the noise.



CHAPTER 5

INTERPRETATION OF RESULTS

The main objective of this thesis is to use modern 

control strategies to design different types of PSS. To 

show the effectiveness of these PSS it is necessary to 

compare them with the PSS designed earlier by using 

the structure suggested by Schleif [1]. The PSS designed 

earlier is designated as Type I, and its time responses 

of terminal voltage and internal frequency are shown in 

Figs. 4.1 and 4.2. Comparing these responses with those 

shown in Figs. 4.3 and 4.4 it can be clearly seen that 

the damping is much better in the case of stabilizer Type II, 

III and IV. By looking at Table 4.1 it is observed that 

cost functions of Type II,III, and IV are very much smaller 

than Type I. Hence the overall performance of PSS based on 

modern control would appear to be far better than that of 

PSS designed by classical approach used by Schleif [1],

The cost function obtained for the optimal 

controller with complete state feedback(Type II) is lower, 
* 

as expected , than that obtained via use of either the

* The availability of noise-free measurements of all state, 

variables is a convenient fiction for benchmark purposes.
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Kalman filter or the observer. The performance of the 

observer plus optimal controller is comparable to the 

optimal controller with all the state variables available 

for measurement. Thus, it may be possible (in a very 

low-noise environment) to eliminate the necessity of 

measuring all the state variables of the system. Finally, 

the Kalman filter plus optimal controller behaves quite 

well and hence errors in measuring the state variables 

can be compensated for in the design of the controllers.

Finally, it should be mentioned that the stabi

lizer Type I when applied to the nonlinear generator 

model makes the closed-loop system unstable. This 

instability is clearly seen by looking at Fig. 4.1a.

Also by looking at Fig. 4.5 it is observed that for the 

case of the stabilizer Type II(DOFC) the terminal voltage
*has a bias in it; i.e., it settles down at about 1.03 p.u. 

instead of the steady-state value of 1.0 p.u.. The mecha

nical power disturbance takes the terminal voltage from 

1.0 p.u. to the new steady-state value of 1.03 p.u..

This means that once the disturbance is over the terminal 

voltage oscillates about the new steady-state value, and 

finally settles down at this value.

* In the simulations of the system with the different stabi
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lizers, the dynamics of the real power-frequency controller 

were not included. Hence the mechanical power disturbance 

has no feedback to the governing system of the p-f loop. 

The rotor position will change, reducing the 

rotor angle, and thus, in the absence of such feedback, 

will create a steady-state offset in the terminal voltage. 

For the purpose of the research described herein, deletion 

of the p-f loop dynamics was deemed to be a cost-effective 

trade-off of (savings in computer time) versus (allowing 

the above mentioned predictable bias).



CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

The research initiated in this thesis has provided 

the following specific results:

(1) From the transient stability point of view it has been 

found that PSS designed on the basis of modern control 

theory exhibit much better damping than the PSS designed 

earlier by Schlief et al [1].

(2) The need to measure all state variables can be eliminated 

by using either the observer or the Kalman filter to estimate 

these state variables. For low noise environments the former 

suffices, while in other cases the Kalman filter is the ap

propriate choice.

It is worthwhile here to compare the results obtained 

in this thesis with some previous work in this field. In

[14] a comparison is made between voltage transients at a 

generator plant where the automatic voltage regulator is 

tuned for open-circuit and for on-line conditions. This 

technique is suitable only when the generator is delivering 

a particular load. Since the AVR is tuned at this load 

level, it will not damp voltage transients effectively 

when the generator is running at a different load level. 

On the contrary the PSS designed here will work equally 

well at various load levels.

In [15] a PSS of Type I has been designed using 
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root-locus techniques. A comparison cannot be made since 

no transient responses were given in that paper. In [16] 

some output feedback controllers with dynamic and/or con

stant gains have been designed with the assumption that all 

the state variables are available for measurement. The 

results obtained therein are basically the same as given 

in Chapter 5. But this thesis goes a step further and 

explores the possibilities of estimating the state var

iables not available for measurement.

Some of the research topics not included in this thesis 

are given here as suggestions for further research:

1. Extend this research for a two-area or multi-area power 

system,

2. Extend the work done here for the case of multiple gen

erators connected to an infinite bus.

3. In the computer program for the pattern search, the inte

gration to obtain state variables and the cost functional 

was carried out for a long period of time after the 

disturbance was over. A more efficient method would be

to use a Lyapunov equation to evaluate the cost functional 

for times greater than t^, where t^ marks the time at 

which the disturbance vanishes.
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APPENDIX A 

-Nomenclature

Table A.l

CONSTANTS USED IN SIMULATION

Symbol Description Value in 
per unit

Excitation system

ka regulator gain 400.0

ta regulator time constant 0.02

ke exciter gain 1.0

te exciter time constant 0.8

Kp regulator stabilizer gain 0.03

tf regulator stabilizer time constant 1.0

Generator and tieline

Tdo direct-axis transient open-cicuit 

time constant
6.5

xd direct-axis synchronous reactance 

of generator
1.6

xd direct-axis transient reactance 

of generator
0.32

X quadrature-axis synchronous reactanceQ
of generator

1.55

Xe ' equivalent system reactance 1.0

tm generator mechanical time constant 10.0

D damping factor 2.5

K1 0.483
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2 1.0473

K3 0.5077

K4 1.34

K5 -0: 334 -

K6 0.4107

GP 7.532

T1 0.0425

T2 0.229

T3 4.145

T4 0.217

tr 0.0836



Table A.2

VARIABLES USED IN SIMULATION

Voltages

VR regulator output voltage

VR MAX maximum value of V^

VR MIN minimum value of V^

Vref regulator reference voltage setting

Efd exciter output voltage(applied to generator)

voltage proportional to direct-axis flux 

linkages

et generator terminal voltage

a q armature voltage,direct and quadrature-axis 

components

E infinite bus voltage

Currents

id’iq armature current,direct and quadrature-axis 

components

Jq

real load current

reactive load current

Miscellaneous variables

Pe electrical power output of generator

Te electromechanical torque

N generator speed

P„m mechanical power or prime mover torque
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APPENDIX B

I. Derivation of Nonlinear Generator and Tieline Model 

Assumptions:

(1) Zero-sequence currents and voltages are negligible.

(2) Armature resistance is negligible.

(3) Space wave harmonics are neglected.

(4.) Saturation in both axes is neglected.

(5) Induced voltages between the direct and quadrature 

axes are negligible.

(6) Changes in speed or frequency are assumed very small 

and do not affect voltages or impedances within the 

generator.

(7) Inertias from all rotating parts are treated as a 

single lumped constant.

(8) The infinite bus is a voltage reference and has a 

fixed frequency of 1 per unit or 60 HZ.

(9) Frequency, speed, and angle have meaning only when 

referenced to the infinite bus.

(10) No local loads are connected to the generator.
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Development of Nonlinear Generator and Tieline Equations:

VOLTAGE EQUATIONS:

As derived in Adkins [ 5 ], the direct- and quadrature

axis voltages for a generator are

ed - s*d  - v*q  " ra1d

v = 1. Therefore, above equations reduce to

ed = ■*q

and eq = v* d s* q - raiq

From the assumptions s^d = 0, si|/ = 0, r = 0, and q a

and eq * *d

Adkins described the flux components as

, - _Xd(S)
^d w + G(s 

d Efd

and V5)
w iq

with the assumption that w = 1. The frequency-dependent 

rectances and gains may be written as:
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xd(s) = xd Xd"Xd 
1+s^do1

xq(s) = xq

G(s) 1 
™d7^

Combining equations we obtain ,

ed = Vq................................... CB,1)

xa - xa* n
e = - [x , * + —=-- —] i, + [y—4-- rJEriq L d l+sTdo d Ll+sTdo J id

1 Xr1~Xrl'
= [y- m-- rJEri - [yT—T-- rlij " x j ’ iiLl+sTdo,J fd Ll+sTdo'J d d d

The voltage proportional to direct axis flux linkages Eq*  

is given by

Etl’ = lTHT7T1Efd " ......... CB'2)
do do

Hence eq = Eq1 - xd'id.......................... (B.3)

et2 = V + V............................. CB.4)

Eq = Eq*  + (xq-xd')id...................... (B.5)

and Eq = eq + xqid
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POWER EQUATION

Electrical power is calculated from the equation

(B.6)P = E i e q q

CURRENT EQUATIONS:

Currents are calculated from the infinite bus voltage.

(B.7)

(B.8)

id =

1q

Eq, and the torque angle.

EsinS 
x +xe q

E - EcosS
 ______  

xe + xq

FREQUENCY AND ANGLE EQUATIONS:

Frequency is calculated as a deviation from synchronous 

frequency and represents in the simulation the shaft speed 

or ’’internal" frequency. Accelerating power is used to 

determine frequency by the relations:

P. = - D'AN  (B.9)a m e k v

AN
Pa

T s m
 (B.10)

The power angle between the infinite bus and the generator 

quadrature axis is calculated by the equation

. 377aN0 - .............. ...............................................................s
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In order to obtain a linear mathematical model for the

deviate only slightly from their operating condition.

and

(B.8) in small oscillation form and giving subscript 'o’

for their steady-state values we obtain

(B.12)

(B.13)

(B-14)

(B.15)

(B.16)

(B.17)

First,establishing

from

(B.18)+

AE ’ qAEq

"o
xq

AEq

Aid =

Aid

Aid

eliminate AE q

E COS6 A6 0 
xe +

Expressing Eqs. (B.1),(B.3), (B.4), (B.5), (B.7)

A1q

nonlinear system, it is assumed that the state variables

Aed = xqA1q

- E^sinS A6 o o
e + xq

Ze.^Ae. = 2e,^Aej + Ze^^Ae^ to t do d qo q

Ae = AE ’ q q

E sinS A6 o o
X + X . ' e d

d’Aid

AE ’ q
e d

the relation between Ae., AS, AE t ’ ’ q *
Eqs. (B.15) and (B.16) and solve for

q-xd'lAid

II. Linearization of the Nonlinear Model
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From (B.18) and (B.13) one obtains

(B.19)

and (B.13)(B.12)

(B.20)

into (B.14) and solving forand substituting (B.19)and (B.20)

a e-f; yields

q
Letting

and

one obtains

(B.21)

Rewriting Eq. (B.2)

eq

5o

K6 =

Kg A 6 +

K5

Aet

Aet

Eliminating 2Xiq from

e
-^•E sin8
eto 0 0

___ ^e
xe-lxd

e
-3°-E sins ]A6e.^ o oto

e-9£ae„ 'eto

o o

e qo 
eto

x e
e d

xe 
xe+xd'

xq
x +x e q

K6AEn6 q

E cosS o o

x^E^cos6_
a » - q ° °A rA e J - —1;--- A 6d x^ + x^ e q

Next we need to obtain the. relation between aE^. , and 2sS

edo p 
eto '°

Ad' 
xe',"xd

d'Bosin6oA;t

e d

q 
xe+xq

edoT, 
^-Eocos 
to

xd' 
xe+xd

(1+sTdo ')6Eq' = 6Efd - (xd"xd')41d
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and

(B.22)
lettingNow

and

■■ Eq. (B. 22) gives

(B.23)•A 6tK

Finally to establish the

oscillation form

(B.24)+ E

and from Eqs . (B . 15) andand substitute the
(B.17) into Eq, (B.24) to yield

] A 6

E sin6 o

K3

K7AEri3 rd

values of aEq

K3K4

write Eq. (B.6) in small

Ai qo q

e d

xd"xd

e d

APe

APe

i E sin6 qo o o
E E cos6 o qo o

substituting the value of ^i^ from .Eq. (B.18) gives

x^+x^e q

e'^d

e d

AE i q qo

1 + sTdo 1X3

Xe+Xd'

K4 = sin<5 o

sTdo’lAEq' AEfde d

relation between AP , AS and AE * e ’ q

AE 1 - T , _'m---<1 1+sTdo -'3

X^"X^ r q d L V

-E X +xJ' o e d

xa~xa
tE sins AS .' o o

—aE 1 x +x31A q e d
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Ndw letting - --qC”T iqoEosin6o + 
e d n

Eqo = net0 * Iqoxq)2 + (Ipoxq)2]1/2

Eo = Oto - Zqo^e)2 + dpo^)2!172

eto"*’po (xq+xe
E E qo o

E sin6
Ko = ° ,---- t , we have the desired result2 x„+x,' *e d

APe = K1A6 + K2AEq' ........................ (B. 25) .

E E cos5 o qo___ o
x +x e q

All the values of constants K^ through are now determined, 

which give the approximation used to obtain the linear model 

from the nonlinear model. The linearized generator 

model connected to an infinite bus is given in Fig. 2.4.

TO OBTAIN OPERATING VALUES

The steady-state operating values of Eqo, Eq,

eqo are derived from a standard machine.vector diagram [1].

Expressed as a function of steady-state terminal voltage

et and steady-state real and reactive load currents I po
and I ~ qo these values are:

Sin 6o =

Cos 6 o

? 2XeXq^po +Iqo)

EqoEO

eto[etQ - ^o^q^e

qo o
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^po^eto + "*"qo Xq^ ^qo^poX2 
1qo F

e, = i x do qo q

qo

2 Xq + ^o^to + Vq) 
1do Z

Eqo

_ (eto +
eq° F

qo



APPENDIX C

Frequency Response Technique Used in [1]

In [1] frequency response curves of the loaded generator 

and its excitation system are developed to provide basic 

data for parameter selection. The frequency at which 

the electro-mechanical resonance between the machine and 

the closely coupled infinite bus occurs is determined. The 

damping influence of the AVR was then obtained from the 

frequency response curves by the relation -------  where
n

M is the magnitude ratio of the terminal voltage response 

to the regulator input driving signal, e is the phase-lag 

of that response, and wn is the natural frequency of osci

llation in rad/sec. It was found that the damping influence 

is negative over all the frequency range of interest. Nega

tive damping was primarily due to phase-lag characteristics 

of the voltage regulator and excitation system. The overall 

phase-lag of the excitation system and transducer(used to 

measure frequency deviation) is compensated by two lead-lag 

stages of the PSS.

Hence an overall lead-lag circuit is designed which 

serves as a PSS,with frequency deviation serving as input 

and, supplies as an output a control signal which supple

ments the voltage error signal.
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‘Derivati on of State Equa'tion s As so ciated with Power System

Stabilizer

sTr

X7 " 1 + sTr x5

! + sT3
X8 = 1 + sT4 x7

G (1 + sT, p v___  1
X9 (1 + sT2 X8

By inverse Laplace transformation of the above equations, 

we obtain the following set of differential equations:

1  2 D f 2 5 1. 7 "M
X? " " TmK6 " Tm X5 \tm - X6 - Tr "Tm

T-K- T7D T_ K9Kc Kn
8 T4TmK6 X4 T4Tm X5 T4 ^K6Tm Tm ) X6

X9
GpTlT3K2

T T+ (-1 - —) x _ l_x + _.3_ p 
lT4 T4Tr' X7 T4X8 T4Tm

T2T4TMK6 4
GpTlT3D
T2T4TM

G TnT_ KqKc x + P 1 2 53X5 T-T. X62 4 6 M

T 3
"T T1 4 R

n G TnT,_1 x + .■■■?, 1 3 p T2 X9 T2T T

Pattern Search Technique

Hooke and Jeeves [3] have devised a logical method 

for staying on the crest of 

for an optimum. The pattern

a sharp ridge while searching 

search technique is based
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on the hopeful conjecture that any set of moves; that is, 

adjustments of the independent variables, which have been 

successful during early experiments will be worth trying 

again. This strategy is successful on straight ridges 

because the only way an early pattern of moves can succeed 

is if it lies along the crest. Hence further moves in the 
same direction will be worthwhile if the ridge is straight.

Although the method starts cautiously with short 

excursions from the starting point, the steps grow with 

repeated success. Subsequent failure indicates that 

shorter steps are in order, and if a change in direction 

is required the technique will start over again with a 

new pattern. In the vicinity of the peak the steps 

become very small to avoid overlooking any promising 

direction.
A description of a pattern search routine, 

which has been applied, is given in the flow chart C.l. 

The sequence following the label (2) is the basic iterative 

loop consisting of a pattern move followed by a set of 

exploratory moves. The sequence following the label (1) 

is for an initial set of exploratory moves from a base 

point when a new pattern must be established. The sequence 

labeled (3) controls the reduction of step size and termina

tion of search.
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The remaining Charts C.2, C.3 give details of the 

procedure. Explicitly the procedure is carried out by 

sequentially transforming a set of variables. These 

variables and their value interpretations are given in 

Table C-I. Chart C.2 has been drawn to parallel chart 

C.l. A detailed flow diagram in terms of the problem 

variables is exhibited. Notations are explained in 

Table C-I.
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Start

Set new 
base 

point

Stop

Chart C.l Descriptive flow diagram of 

pattern search
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Start

Chart C,2 Detailed flow diagram for 

pattern search
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Exit

Chart C.3 Descriptive flow diagram for

exploratory move(Program E)

Start
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Table C-I

e the previous base point

the current base point

the base point resulting from current move

sm the functional value at the base point

S(4>) the functional value for this move

s the functional value before this move
A current step size

S minimum step size

f reduction factor for step size



APPENDIX I
The Computer Program to find Eigenvalues of the

System and the Constants K1 through Kg
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D I M L h S I 0 N A ( 6,6 )
HEAL K1»K2iK3tK4,L5iK6,
REAL I PO , I WJ , I COS , 1DuS
C-JM U ij / I I; U U / K I N , K 0 U T
CuH r> u N / M A I i-J 1 / D 1 M , 0 U H 1 ( 6,6 )
C 0 M n U R / M A I N 2 / U U Ei 2 ( 6,6 )

■KIN = E
ROUT = 6
N () I il = 6
E T 0 = 1 . U
R t 5 = 0 . L
X I.’ = 1 . 6
X U 1 = L . 3 2
X U — 1 • b S
O = 2.S
Tl)O1-6»5
t I-; = 1 u. U
1 P 0 = 1 . o
i \ 0 = L • U
XES= i .G
E(ilO = S!'.'RT((ETO+ItiO«Xu)*«2*(IPO*XQ)*»2)
E u = S L it T ( (ETu-lC'U»XES)**2+(  IRO»XES)e*2)
S I Nu=( (ETO»IPu)/(EUO«EO) ) « (XQ + XES)
C 0 S D = ( E T 0 / ( F <« C  E 0 ) )(ETO-IQU(XQ-xES)  ) - ( (XESXQ)/(EQOEO)  )* ** **

1*1  I 1' C * I P 0 + I (j U * I C 0 )
I L) 0 S = ( 1 . / E 0 U ) < ( IPO*IPrj«X 1J+IuO*(ETO+lQG»XO)  )
(OUS = < 1 P 0 » i E T C= + I r; 0 * X 0 ) - I Q U » I P 0 * X 0 ) / E Q 0
EuOb = ( ( 1.1 0 + I QO ' X Q ) /EtiO ) • E T 0
EOGS = 1 lx U S « X -x
KI = (XQ-xDi ) * I u0S»E0»S I N D/(XES + XD1 ) + (EQU*EO»COSD)/(XES  + XG)
K 2 = (EO*bIiML)/(XES*XDl)
K 3 = <XDl-tXES)/(X''i + xLS)
KH = (<XE-XLil)»EO«SI:vL))/(XES + XDl)
KS =lAy/(ALS+AQ))*(EjOS/ETO)*EO*COSD  -XD1/(XES*XD1>  ♦(EQOS/ETO>

1 eEU*SlND
Ko =(XES/, (XFS*XU1))*(EQO5/ETO)
VP. I 11 ( 6 , 2 u 1 ) Ei)0,EU,SIND.C0SD.iyoS,IPOS,EQ05,EDO5

2 u 1 FORMAT (//,' EgO=,,F2u.8,/,’ E 0 = • , F 21). -3 , / , • 51ND=*,E20.8,/,
* • COSD= • ,L2U. y , / ,  IQOS=  ,E20.8,/, • JDOS=  , E20.8 , / , • EQOS=’,* * *
» L2u.8,/,'EbOS=',E20.8)

WR I TL (6 , 1u1 ) K1 , K2 , K3 , K4 , KS , K6
1 G 1 FORMA I (5X , ’ K 1 = * , E 1 5 • ti , / , 5X , • K2 = ’ , F15.ti,/,5X,

* • Ku =  ", L15.h./,5x,,K4=,E15.8,/,SX,K5=,E15.8,/,5X,* ***
*  K 6=  , E1b.b )* *
DO1I=1,6
l) 0 1 J = 1 , 6
a ( i , j > = n. u

1 C 0 H T 1 .0 U F
A ( i , 1 ) =-ba.C

A ( 1 , 3 ) =-2 0000.
a < 1 , 4 ) = - 2 u C L U •
A ( 2 , 1 ) = 1 . 2 5
a ( 2,2 ) = - 1 . 2 5
A ( 3 , 1 1 = U • U 3 7 b
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A(3,2 ) =-u.U3 7 5
A ( 3,3)=-1.0
A(4,2 ) =K6/TDU 1
A ( ‘i , 4 ) =- 1 . G/ ( K3*  TDO 1 )

A(4,b)=377.u*K5
A(tl,6)=K5/(K3»TD01)-(K6*KH)/TD01  
A(5,‘t)=-K2/(IM*K6)
A ( 5,5 ) = - D / T M
A(5,6)=(K2*K5)/(K6*TM)-K1/TM
A(6,5)=377.U
v« K I T L ( 6 , 1 5 )

15 FORfi a T ( // / , IX, •MATRIX A • , / )
CALL EIGVAL(6,A)

12 F U R M A T( 1 , •K = • ,F 8. 1 ,4a,*T=*,F8.1  ) 
END



APPENDIX II
The Computer Program to Design Stabilizer Type I (DS)
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c----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
C------- PRObKAM PaRSCm -------------
c----------- THI5 PROGRAM uses the pattern search technique to determine

c----------- 1HL SIX parameters of the power system stablizer.
c---------------------------------------------------------------------------------------------------- -- ---------------------------------------------------------------------

REAL RA,KE»KF,K1,K2,K3,K4,KS,K6 
DIMENSION C0MPAR(i6),DELTA(10),DIVl(10),X8ll0) 
COMMON/SUU 1/A( 10, 10) , D I S( 10,2000) 
C0Mh0N/SUb2/h(10,2000),NDIM,H,N0S 
C0MMUN/SUB3/KA,KE,KF,Kl,K2,K3,K5,K6,TA,TD01,TE,TF,TM,T,D,K£l 
CO M Iiu N/ S U 85 /DPM(2D DO) 

C-_-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

C------ Im D1 M IS NO. OF POINTS
C------ H IS STEP SIZE
c--------- nos is the number of states

C------ M IS 7 HE NO• OF PARAMETERS TO BE SEARCHED
c----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

M D I h = 1 9 u U 
H = o • 0 L) 3
N 0 S = V

c--------------------------------------------------------------------------------------------------------------
C------ SET PARAMETER VALUES OF THE SYSTEM -------
c--------------------------------------------------------------------------------------------------------------

D = 2.5 
K A = HdC.U 
K 1 = u . 4 8 2 7 
K2 = 1.0473 
K3 = u.5u77 
K4 = 1.34 
K5 = -0.334 
K6 = u.41u7 
KE= 1 .u 
KF=O.u3 
TA=U.J2 
TD01 = 6.5 
TE=O.U 
TF= 1 . J 
TM = 10.0 

C 
C------- SET UP SYSTEM MATRI X,DISTURBANCE AND INITIAL VALUES OF PARAMETERS
C---------TO b E SEARCHED

M = 6 ‘
GP=12.766 
T1=U.036 
T2=u.21 
T3=3.343 -
T4=U.262 
TR=U.u62V 
DO 21 1=1,9 

2 1 D P M( 1 ) = -0.4
I) U 2 2 I = 1 , N o S
DO 2 2 J = 1 ,. N D 1 M 

22 DISC I ,J) = U.U
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DO 23 J=1 ,ND IM
DIS(5,J)=DPh(J)/Tm

D I 5 ( 7 , J ) = U P ■'It J ) / T M
DIS(d,J) = (T3•DPM(Jj)/(Jq♦tM)

2 3 D1S(9,J) = (gP*T1*T3*DP i1(J) )/(T2*T4*TM)
DO 1 I=1,NOS
DO 1 J =1 ,N 0 S

A(I,j) = 6.0
1 CONTINUE

A ( 1 , 1 ) = - 1 . (j / T A
A(1,3) = -KA/TA
A(1,4) = -Ka/TA
A ( 1 , 9 ) = KA/TA
A(2,1 ) = l.u/TE
A(2,2)=-KE/TE
A ( 3 , 1 ) = KF/ ( TE*TF"  )
A(3,2) = (-KE*KF)/(TE*TF)
A(3,3)=-1.IJ/TF
A ( <1 , Z ) = K 6 / T D 0 1
A(H 9 ) = - 1 . u/(K3»TUu1 )
A ( 4 , b ) = 3 77 .J*K5
AIM,6) = K5/(K3*TDul)  - I K6♦K4 )/TD01
A I 5,4 ) = - K 2 / ( TII • K 6 )
A I 5 , b ) = - D / T M
A I 5,6 ) = (K2»K5)/(K6*TM)  - K1/T M
A I 6 , b ) = 3 7 7 . u
A I 7,4 ) = -K 2/ I TM *K6 )
A(7,b)=-D/Th
A ( 7,6 ) = -Kl/TM-t(K2*K5)/(K6*TM)
A(7 , 7 ) = -1 .u/TR
A(8,4 ) • = -IK2«T3)/(TM#T4»K6)
A I 8 , b ) = -(0*  T3)/ I TM« T 4 )
A I 8,6 ) = -(Kl*T3)/(T4*TM)-f-(T3*K2*K5)/(T4»K6*TM)  
A(8,7) = ( 1 .C/T4 ) ♦( 1.0-T3/TR )
A(8 , ti) = -l.u/TM

A I 9,4)= -(GP*K2*T1»T3)/(T2«T4*TM*K6)
A(9,5)= - ID*GP*T 1»T3)/IT2*T4»TM )
A(9,b) = UGP*T 1♦T3)/(T2*T4  ))« I I (K2* Kb)/(K6*TM ))-K1/TM) 
A(9 , 7 ) = ((GP*T1)/(T2*T4))*(1,O-T3/TR)
A(9,d)= (GP/T2)♦(1.u-T1ZT4)

A I 9,9) = - 1.0/T2
XdI 1 ) = GP
XBI 2) = T1 
XBI 3 ) = T2
X8(4) = T 3 
X B I 5 ) = T 4
XB(6) = TH

DU 5 1 = 1 ,M
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D1V I ( I ) = 10.U

5 CONTINUE
DU 6 I=1,M
CUMPAK(I)=1.GE-6

6 DELT A( I )= Xb( I ) » 1 0.0
A R I T E < 6 , 1 1 )

1 1

1 2

1 4 .

1 3

1U1

FuRMATt//,*  
ARITE(6,lGl) 
w R I T E ( 6 , 1 2 ) 
F 0 R M A T ( / / , • 
.v K I T t ( 6 , 1 J I ) 
AR I TL<6 , 1 4 ) 
F 0 R M a T ( / / , • 
A R I T t ( 6 , 1 G 1 ) 
AR ITE(6, 1 3) 
F 0 R M A T ( / / , * 
A R I T E ( 6 , 1 u 1 ) 
F 0 R H A T ( 6 ( 5 X , 
CALL PARSCHt 
a- R I T E ( 6 , 1 u 3 )

INITIAL CHOICES OF PARAMETERS’)
(Xb( I ) , I = 1 , M)

DELTA*)
(DELTA(I),I=1,M)

D I V I * )
(DIVl(l),I=l,M)

C 0 M P A R * )
( C 0 M P A R ( I ) , I = I , M )
E15.8) )
M , X B , DELTA,DI V I , C 0 M P A R)

1 u 3 F 0 R i-l A T ( / / , • M«TRIX A • )
AR ITE < 6, 1U2) (<A(!,J),J=l,N05),I = l.N0S) 

1 u 2 F 0 R M a I ( ^ ( 2 X , E 1 U . 3 I ) 
END 

f
SUKitjOUT 1 ME FUNVAL(Xb>N,RJ)
REAL KlA,KE,K.F,Kl,K2,K3,Kzi,K5,K6
D I r< E N 5 I U N X d ( 1 u ) , X ( 1 D )
C0i1M0n/SUi;1/A( 1 u > 1 u ) > D I S ( lui2U00) 
C0MM0N/5U62/k( 1U > 2 U U 0) ,N D I M . H > N 0 5 
CUMM0N/SUb3/KA,KE,KF,Kl,K2,K3,KS»K6,TA,TD0l,TE»TF,TM,T,D»K4 
COMMON/SUb5/DPM(20uu) 
C U M M 0 N / 5 U b 6 / U J ( 2 0 C G )
.COmMON/5UB7/IMDEX,OVER 

c
c---------RESET PARAMETER V ALUES,SYSTEM MATRIX, AND DISTURBANCE

G P = X B ( 1 ) 
T1 = AB(2) 
T 2 = X b ( 3 ) 
T3 = XB(H) 
T H = X b ( S ) 
Th = Xb(6) 
A(7,4) = -KZ/(TM*K6)  
A(7,5) = -D/TM
A ( 7,6 ) = -M/Tm*( kZ»K5I/(K6«TM) 
A(7 , 7 ) = - 1 .C/TK 
A(b,4) = -(K2»T3)/(TM*TH»K 6) 
A(b,5)=-(U«T3)/(TI-1«T4)
A ( d , 6 ) = -(Kl*T3)/(T4«Ti-1)-KT3«K2*K5)/(T4*K6«TM)  
A(8,7) = ( 1 .G/T4 ) ♦ ( I.G-T3/TR )
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’ J A ( 8,8 ) = - 1 . G / T H
A(9,4 ) = -(GP*K2 *T I *T3 )/( T2 *TH»TM*K6)
A(9,5)= -(D»GP»T1»T3)/(T2*T4*TM)
A(9,6) = ( (GP*I  1 • T3 )/(T2 * 14 ) ) *(  ( (K2«K5 )/(K6«TM ) )-K 1/TM )
A(9,7)= ( (GP«1 1 ) / ( T2»T4 ) ) •( 1 . U-T3/TR ) 
A(9,8)= (GP/T2 ) ♦( 1.0-T1/T4) 
A(9,9) = -1 .u/T2 

D0 23 J=hNDlM 
D I S(5 , J)=DPM(J)/TM 
D I 5 ( 7 , J ) = 0 P M ( J ) / T M 
D I 5(d , J ) = (T3»DPM(J))/(T4*TM)

23 DIS(9,J) = (GP*I  I«13«DPM(J) )/(I 2* T4*TM ) 
C

DO 9 1 = 1 , N0S
9 X ( 1 ) = u • U 

DO 18 I=1,hOS 
18 ;‘i ( 1 , 1 ) = X ( 1 ) 

CALL K U N G l(X ) 
I F( I NDLX . cG • 1 ) GO TO 14 

C
DO 7 1 1 = 1 , LD I H
D J ( J 1 ) = 1 , I 1 ) • .V < 1 , 1 1 > + < 2 , I 1 ) ♦ A' ( 2 , I 1 ) + ■< ( 3 , I 1 ) « ft ( 3 , I 1 > + A' ( 4 , I 1 ) •

1 >. ( 4 , 1 1 ) + A ( b , I 1 > ♦ <a 5 » I 1 ) + «a 6 , I 1 ) « ft I 6 » I 1 )
7 CCuTINUl

C A L L 8 1 M P S ( p J ) 
c

6 C 0 H T I N U L 
RETURN 

14 INDEX = 1 
RETURN

i end 
SUBROUTINE PAi<SCH(N,XB,DELTA.DIVl,COMPAR)  
REAL KA , KE . KF ,K 1 , K2 , K3 , K4 , K5 , K6 
DIMENSION X b ( 1 U ) , D E L T A ( 1 U ) , D I V I ( 1 <J I , C 0 M P A R ( 10) 
DIMENSION X1(1O),XE(1O),XP(1O)
C 0 M h U N / S U ri 1 / A ( 1 U , 1 Cl ) , D I S ( 10,2000)
COMMON/SUB 2 / ( 1 0,200 j ) , ND I M , h , NOS
C0MM0N/SUd3/KA,KE,KF,Kl,K2,K3,K5,K6.TA,TD01>TE»TF,TM,T,D,K4
COMrlON/SUH7/lNDEX,OVER 
OVER = 1.LE+2u 
I T E R = 0 
INDEX = 0 
CALL FUNV AL( Xti , N , YB ) 

1 INDEX = j
CALL EXPL0(XB .DELTA, n.XE,YE)
I F( 1 NDEX . EQ. 1 ) GO TO 3 
ITER = ITER + 1
A R I 1 £ ( 6,2 q 1 )

2 0 1 F 0 R M A T(// , • ------------------------------------------------------------------------------------------------ ------------------------  )*
ft R I T E ( 6 , 1 J 2 ) I T E R , Y E

10 2 FORDATI' ITERATION =' , 1 S , / , ' FUNCTION VALUE = ' , E20.8) 
ft R I T E ( 6 , 1 u 3 )

103 FORMAT!/,' VALUE OF X')



WRITL(6,iai) IXE(K)iK=l,N)
101 F0RMAT(6(2X,E15.8))

W R 1 T E ( 6,2 j 2 )
2 0 2 F U R M A T (/, • SYSTEM MATRIX)*

aR I TE(6 , 1uH) ((All,J),J=l,NOS), 1 = 1.NOS)
) b H -FORMAT! 9 ( 2 X , E 10.3 ) )

IF(Y E-YB) 2,3,3
2 YB = YE

DO 11 1=1,N
X 1 ( 1 ) = X t j ( 1 )
XB( I ) = XE < I )

11 CONTINUE
CALL PATT ER(X1 ,XB,N . XP )
CALL LXPLO(XP,DELT A,N,XE.YE )
IF(1NDEX.EQ•1) GO TO 3
IF < Y B * GT . YE) GO TO 1 0
GO TO 1

10 ITER = ITER+1
ARITE(6,261)
WRI IL(6iIC 2 I IT E R,Y E
•4 R 1 T L < b , 1 u 3 )
,’J K I T E ( 6,1 v 1 ) ( X E ( K ) , K = 1 » N )
.'J R I T E ( 6,2 u 2 )
WRITECb.lOB) ((A(I,J),J=1,NOS),1=1,NOS)
GO TO 2

3 DO b I = 1 ,
IF(uELTAtI) .GT. COMPAR(l)) GO TO 6

5 CONTINUE
GO TO 7

6 DO 8 I = 1 , N
DELTh( I ) = DELTA( I ) /DI V I ( I )

ti CONTINUE
GO TO 1

7 Vt R I T E ( 6 , 1 C’1 ) (XB<K),r=1,N) .
R E T 0 f< i4
END
S 0 B r< 0 U'T I N E PATTER(X1,XF,N,X)
DIMENSION XI(1O),XF(1U),X(IO)
DO 1 1 = 1 , N

1 XII) = XF( I ) * 2.0-X I ( 1 )
RETURN _ ___

SUBROUTINE EXPLOtX.DELTA.N.Xl,Y» 
DIMENSION X( 1u) .XI ( 1u) .DELTA! 1 U 
rFAL KA.KE.kh.Kl.r^.KB.KH.Kb.Kb
cSMbOi-ZSUdi/AllU, 10) .DIS! IO.ZOuO) 

COMNUN/SUB2/,(10.2000).NDIM.H.^ ta,tu01,TE,TF,TM,T,D.K4 

COMflO!</SUB3/KA,RE»RF . K I , K 2 , »
COMMON/SUd7/lNDEX,OVER 
CALL FUNV ALIX,N.Y)

98
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I F ( I FmOEX . EQ . 1 ) GO TO 6
DO 1u J= 1 , N 

1 C X 1 ( J ) = X ( J )
DO 1 1 = 1 ,
X1 < I ) = X1 ( I ) + DEL T A ( 1 )
CALL FUNVAL(X1,N,Y1)
IF(lNDEX.EQ.l) GO TO 6 
1F(Y1-Y) 2,3, J

2 Y = Y 1
GO To 1

3 X1(I) = XI ( I ) -2.0«DcLTA( I )
CALL FUNVAL(a1,N,Y!)
I F ( 1 nDE X.EQ. 1 ) GO TO 6
1 F ( Y 1 - Y ) 4,5 , b

4 Y = Y 1
GO TO 1

5 X H I ) = X 1 ( I ) + DELTA( I ) 
1 .CONTINUE
6 CONTINUE

RETURN
E n D
SUBROUTINE XDUT(XIXDUO,L) ~ "
DIMENSION X(lc),XDOO(lO)
REAL KA,KE,KF,Kl,K2,K3,K4,Kb,K6
COMMON/S U b1/A( 10, Ju) ,DIS( 10,2000)
COMMON/SUb2/0( 1u , ? u 0 0) , NDIM,H,N0S
C 0 M M 0 N / S U ti 3 / K A , K E , K F , K 1 , K 2 , N 3 , K 5 , K 6 , T A , T D 0 1 , T E , T F , T M , T 
COMMON/SUti7/lNDEX,OVER
DO 2 I = 1 ,N 0 S 
XDOO(I)=u.0

DO 1 J =1 , N0 S
XDOO(I) = XDOO( I )*A ( I , J)*X (J)
Cl = XDOO ( I ).
IF(C1 .GT. 0 VER ) GO TO 3

1 CONTINUE
XDOO(I) = XDOU(I) + DISC I ,L)
Cl = XDOO( I )
1FCC1 •GT. OVER) GO TO 3

2 CONTINUE
R E T U K N

3 INDEX = 1
/.RITE (6,4) ci

4 FORMAT!//, • OVERFLOW PROCTATION AT XD0T,E20.8)  
return

*

END

D , K 4
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SUBROUTT NE RUNGE(XI)
REAL KA , KE , KF , K1 ,K2 , R3 , K4 , K5 , K6
DIMENSION XI(1O),FX(1O),XA(1U)
DIMENSION X D. 1 ( 1 U ) , X D 2 ( 1 U ) , X D 3 ( 10) , X D H ( 10)
COMHUR/SUB 1 / A( 1 0,1U) ,DIS( 10,2000)
C 0 M h u t4 / S U B 2 / V. ( 1 U , 2 C u u ) , N D I M , H , N 0 S
CCMMUN/SUb3/KA,KE,KF,Kl,K2,K3,K5,K6,TA,TD01,TE,TF,TM,T,D,K‘t
COMMUN/SUE7/1NDEX,OVER
DO 1U J=1,NOS

10 U(J, 1 ) = X I ( J )
DO 5C I = 2,ND I H 
111 = 1
CALL XDOT(X1,FX,I11)
IF( IN D E X . E 0.1 ) GO TO 8
DO 1 J=1 ,N 0S
X D 1 ( J ) = h * F X ( J )

1 X A(J ) = X I (J)+0.5 XD 1 (J)*
CALLXDOIlXA.FX.Ill)
I F ( 1 (4 0 E X . E 0 . 1 ) GO TO b 
DO 2 J=1,NOS
X D 2 ( J ) = h « F X ( J )

2 X A ( J ) = X I ( J ) + 0.5  X D 2 ( J ) 
CALL Xf)OT(XA,FX,lll)

*

I F( 1 NDEX.EG. 1 ) GO TO 8 
DO 3 J=1,NOS
XD3(J) = H*FX (J)

3 X A(J ) = X I (J) + XD3(J) 
CALL XDOT(XA,FX,I11)
I F( 1NDEX.E0. 1 ) GO TO b 
DU S J =1 ,N0 S

5XUti(J)=H»FX(J) 
Du 4 J =1 ,N0 S 
Xi(J) = XI(J) +( 1 .L/6.0) ♦(XDl (J)+2.0*XD2(J)+2.0*XD3(Jl+XD^tJ)  )

4 VH J , I ) = X I ( J )
50 CONTINUE

6 CONTINUE 
RETURN

8 INDEX = 1 
RETURN 
F F D

SUBROUTINE S1H P S(R J )
C 0 M (-1 U N / S U B 6 / D J ( 2 0 G 0 ) 
C0MMUU/SUH2/,4 110,2000) , ND I M , H , NOS
C 0 M H 0 N / S U B 7 / I h D E X , 0 V E R
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N D I M 1 = N D 1 M - 1
N D I H 2 = Im D I M - 2
RJ =(UJ<1)+4.U*DJ(2)+4.O»DJ(NDIM1)+DJ(NDIM))«(H/3.O)
DO 5U I= 3,N DIM 2
R J = KJ *2.0«(H/3.D)»DJ(I)  
I F ( K J . G T . 0 V E k ) G 0 T 0 5 1

50 CONTINUE 
return

51 INDEX = 1
wR HE (6,52 )

52 FORMATI//,' OVERFLOW PROCTATION AT SIMPS') 
R E T U R N
E !M D



APPENDIX III

The Computer Program to find Optimal Feedback

Gains for Stabilizer Type II
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IMPLICIT REAL*8  (A-H.O-Z)
D I M E h 5 I 0 K A(12,12),B(12,12),D(12,12),E(12,12)
D I M L i« S I n h L 1 ( 1 2 ) , M 1 ( 1 2 ) , L 2 ( 1 2 ) , M 2 ( 1 2 )
DIMENSION e2(l2,12),L3(6),M3(6)
DIMENSION P(6,6),ij(6,6),ETA(1,6),ETAT(6,1),ETAP(1,6),ETAQ(1,6)
DIMENSION R( 1 , 1 ) ,BT( 1 , 6) , RBT( 1.6)
M = 6
N = 1 2
M R = I
R E A b ( 5 , 1 ) I’AX,EPS

1 F 0 R I’ A T ( I 5 , F 1 S . 7 )
A R I T E ( 6 , 1 ) M A X , E P S
R E A u ( d , 1 b ) ( E T A ( 1 , J ) , J = 1 , M )

10 FORMAT (6F B. 4 )
AR I TE I 6 ,buUO ) ( ET A ( 1 , J ) , J= 1 , (1 )

5uGU FORMAT (6b 1 3 . S , // )
REAL)(S,11)(ETAT(I,1),I = 1,M)

11 F 0 R N a 1 ( F B . U )
tvRITE(6,5uUl) (ETAT(I,1),I = 1,M)

SuUl FORh«T( (6FlS.b,/),//) 
R h A U ( 5 , 1 2 ) ( < k ( I , J ) , J = 1 , M R ) , 1 = 1 , M R )

12 F0RfAT(FE.3)
I.F 1 1 E ( 6,5uU2 ) ( (R( I ,J) , J=1 ,MR) , 1 = 1 ,MR)

Scu2 FOF?NAT (F13.5,//)
RE AD(5,2 7 ) ((JT(I,J),J=1,M),I = 1,MR)

2 7 FuRfiAT(6FliJe4)
AF1 TE(6,bju3 ) ((RT(I,J),J=1,M),I = 1,MR)

SL.u 3 FuRM,. 1 ( 6 ( 3X , E 1 3.6 ) ,//) 
R E A b ( d , 2 7 ) ( ( A < I , J ) , J = 1 , N ) , I = 1 , H )
A ( 7 , 1 ) = 2 u u G G . • 2 0 u 0 u .
DO 2 6b IT F. R - 1 , 1 0 
ift f< IT L ( 6,5 u b 4 ) ((A(I,J),J=1,N),I = 1,N)

5 j u 4 F G R i: A 1 ( 1 2 ( 6 ( 3 X . E 1 3.6 ) , / , 6 ( 3 X , E 1 3.6 ) , / ) , / / )

V. R I T E ( 6,5 u u 5 ) D E L , B A
S 0 b S F 0 R M A T ( F 1 3.5 , / )

IF (DEL .L E. EPS) GO TO 31
29 CONTINUE

DO 2U I = 1 , N
DO 2 u J = 1 , N

ZL) B ( I , J ) = A ( 1 , J )
DO 2 7 K = 1 , M a X
DO 3 2 I = 1 , N
DO 3 2 J = 1 , N

32 E( 1 , a J=B( 1 . J)
CALL illiJVIE.N, 
DO 3b I = 1 , N 
DU Jc J=1 , N

71 ,L1 , 11 1 )

3 U Ea I , J ) = 0.5 « ( B ( I , J ) + E ( I , J ) )
CALL GMFKbtb.U 
e. b = u. u
B A = U . u
DU 3 U U I = 1 ,N
p A = B A + B ( I , I )

, B 2 , N » (4 s U )

J u u B h = b b + R 2 ( I , I )
D E L = L A 3 S ( b B - 1 2 . 0 )

103
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31 .'>R I I L ( 6,6u ) ( ( A ( I , J ) , J= 1 , N ) , I = 1 , N )

AR ITL(6,61 ) ((B(1,J),J=1,N),I = 1,N)
AR IT L(6 , 1 ) K , DEL

6 0 FORMaT( 1X,9 hMATRIX A I ,/,12(6(3X,E13.6) ,/,6(3X,E13.6) , /> , // )

6 1 F U R M a T( 1 X , 9 H M a T R 1 X Bl ,/,12(6(3X,E13.6) ,/,6(3X,E13.6),/) , // )
DO 7u I = 1 , N
DO / u J =1 ,N

70L(I,J)=fj.J
DU ti u I = 1 , M

80 E(I,1)=-1.U \
DU 9 u I= d , N

9 0 E( I , 1 ) = 1 • 3
DU MG I = 1 , N
DO HU J=1,N

HUE(l,J)=E(l,J)f-B(I,J)
CALL tl 1 M V ( E , N , Z2 , L2 , M2 )
DO 1uu 1 = 1, M
OU 1 u w J = 1 , t'j

1uU D( I ,J)=2.u*E ( I > J >
Ik I] L ( 6 , o 3 ) ( ( D ( I , J ) , J = 1 , fsl ) , I = 1 , N )

6 3 FORMAT ( IX , 9hm aTR I X D:,/,12(e>(3X,E13.6),/,6(3X,E13.6),/),//)
DU 2uu fx=I,M
Du 2uJ IY = 1 ,M
P(lX,lY)=D(lX,IY+6)

200 Q(Ia,1Y)=-D(IX+6,IY)

CALL M1N V(U,M,Z 3,L 3,M 3)
v ■ r< I T E ( 6 , / u 1 ) ( ( P ( I , J ) , J = 1 , M ) , I = 1 , M )

2 0 1 FURMaT( 1X,9HhATRI X P : ,/,6(6(3X,E13.6) , /) )
A R I T L ( 6,2 u 2 ) ( ( Gi ( I , J ) , J = 1 , M ) ,1 = 1 , H )

2 0 2 F U R h a T ( 1 A , 9 H f-i a T R I X u:,/,6(6(3X,E13.6),/))
CALL GMPRD(E TA , P , ETAP , 1 ,M , M)
CALL GMPRU(ETAP,ETAT , lPE , 1 , M , 1 )
CALL (, M P R D < E T A , u , E T A y , 1 , M , M )
CALL (,MPKD(ETAQ,ETA1 , E Q E , 1 , M , 1 )
A R M L ( 6,2 u 3 ) E P E , E W E

2 J 3 FORMaTI 1X,,EPE=,1E15,3,1CX,,EQE=,,E15.8)
DO 2 5 u 1 = 1,6

2 5 0 A( I , I )= A( I , 11+0.05
DU 2du 1=1,6
J= I +6

260 A<J,J)=A(J,J)-0.05
265 CONTINUE

STOP
END
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c

SUBRuUTItJE GMPRD ( A , B , R , N , M , L ) 
I I- P L I C 1 T R E A L * 8 ( a - m , 0 - Z ) 
U I MEi.S 1 ON A ( 1 ) , E5 ( 1 ) , R ( 1 )

C
lr=L.
1 K = -11
DO 1 u K = 1 , L
I k= I K + (i
DO 1 u J= 1 , N
I h = 1 k+ 1
J 1 = J-f!
I b= I K

R ( I K ) = U 
DO 1 u I = 1 , M 
J 1 = J 1 + M 
I b = 1 b + 1 

10 R( I K ) =R( 1 R ) +A(J I ) «B( IB > 
R E T U rx N 
END 

SUP ROUTINE M I N V ( A , N , I) , L » M ) 
DIMENSION A( 1 ) ,L( 1 ) ,M( 1 ) 

C 
c 
c 

C IF A DUUBLt PRECISION VERSION OF THIS ROUTINE IS DESIRED, THE
C C IN COLUMN 1 SHOULD BE REMOVED FROM THE DOUBLE PRECISION
C STATEMEMT..HICHFULLO.VS.
C

DUUdLE PRECISION A,D,BIGA,HOLD
C
C THE C MUST ALSO BE REMOVED FROM DOUBLE PRECISION STATEMENTS
C APPEARING IN OTHER ROUTINES USED IN CONJUNCTION WITH THIS
C R OUT I iJE •
C
C THE. DOUBLE PRECISION VERSION OF THIS SUBROUTINE MUST ALSO
C L U H T A 1M DOUBLE PRECISION FORTRAN FUNCTIONS. A B S IN STATEMENT
C 1 J MUST dE. CHANGED TO DABS.
C
C 
C
C SEARCH FOR LARGEST ELEMENT
C

D = I . U
N K = - N
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DO 8a K=1,N
N K = N K + N
L(K)=K
N ( K ) = K
K i( = 0 k * K
a IGA = A(KK )
DO 2 u J — K ) N
I Z = .j» ( J- 1 )
DO Zu 15 K ।N
I J=IL I*

Il I F(Dm3S(B I GA )-DABS(A( I J) ) ) 15,20,20 
15 B I G A = A( I J)

L ( K ) = I
M ( K ) = J 

20 CONTINUE
C
C INTERCHANGE R 0 A, 5
c

J = L(K )
I F(J-K ) 35,35,25 

25 KI=K-N
Du 3u I = 1 , N
K I = K 1 + N
H 0 L U = - A ( K 1 )
J I=K I -K +J
A ( K I ) = A I J I )

3 0 A ( J 1 ) =H0LD 
C 
C I N T E R C H A N G E C 0 L U M N 5
C

3 5 1 =M(N )
IF( 1 -k ) 4 5,45,38 

38 J F = r» * ( I - 1 )
DU Hu J- 1 ,N
JK=NK+J
J 1 = JP-f-J
hoLd=-a(jk)

A ( JM = A ( J I ) 
40 A(J 1 ) =HOLD

C
C DIVIDE COLUMN BY rilNUS PIVOT (VALUE OF PIVOT ELEMENT IS
C CONTAINED IM BIGa)

45 I F(blGA) 48,46,48
• 4 6 0 = C • d

K E T U h im

4 8 DU 5 5 1 = 1 , N
1F( I-K ) 5u,55,50 

5CIk=NK*i
A( IK )=A( IK)/(-BIGA )

5 5 C U N I IN U E
C
C REDUCE MATRIX
C

DO 6 5 1 = 1 , N 
I K =|JN + I



HuLD=A(IK)
IJ=1-N
DU 65 J=1 , N
I J= I J + N
IF(I—K) 6u,65|60

6U I F(J — K ) o2)65 । 62
62 KJ = U-I+k

A( IJ)=HOLD*A(KJ)+ a( I J )
6 5 c 0 N T 1 Tm U E

C
c DIVIDE R0rt BY PIVOT
C

K J = K - iJ
DO 75 J=1,N
K J = h J + M
IF(J-K ) 7u , 75,70

70 A(KJ)=A(KJ)/BI GA
7 5 C u M T I f) U E

C
C PRODUCT OF PIVOTS
C

0 = D♦BIGA
c
c REPLACE PIVOT BY RECIPROCAL
C

A(Kk)=1.u/bIGA
b U CONTI I'j U E

C
C FINAL ROA AND COLUMN INTERCHANGE
C

K = N
1 UU K=(K-1 )

IF(k) 15U,150,105 
105 1 =L(k)

IF(J-K) 120,120,108
1 L>8 JG, = Nt(K-l)" 

JR =N♦ ( I - 1 )
0 U 1 1 u J = 1 , M
J K = J l + J
HOLD=A(JK)
J 1 = J R + J
A(JK)=-A(J I )

1 1 0 A(J I ) =HOLD
1 2 l J = M l k )

IF(J-K) 1o 0,16 0,12 5
12 5 K I =K-k

D 0 1 3 u I = 1 , N
K I = K 1 + N

HuL D = A(K1 )
J I=K1-K +J
A(K1)=-A(JI)

1 3j A < J 1 ) =H0LD
GO To 100

150 RETURN
END

107
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APPENDIX IV

The Computer Program to Design Deterministic

Observer (Stabilizer Type III)
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   — —  /"b i XI . L - - -- - —

REAL L(4 , H)
DIMENSION A(4,H),GAMA(H,H),AS(H,q),BETA(4,‘t),F12(4,4),Fll(4,H)
DIMENSION F21<H,H),F22(H,H),^(H,H),'AI(M,M),AI(H»H>»ACPHA(rI.^>
DIMENSION DUHM1 (H H , DUMM2(4,4) , DUMM3(4,4) , DUMM4(4,4) , DUMM5(4,4),

• DUMHti(4,4),GAMA 1 (4,4 ) ,LL(4 ) , MM(4)
D I M t r i S I 0 N C ( 1 u )
COMMOn/inou/kin,kout

COMMUN/M A I N 1 / f4D I M , DUM 1 ( 4,4 )
C0MM0N/MAIN2/uUM2(4,4)
COM ri Uh /MAI N3/DUM3(4,1)
N D I M = 4
K I N = 5
K0UT = 6
M = 2
N = 4
CALL M A TIU( 1 ,MiB E T A , 4 )
CALL MAT10(N,l>GAMA,4)
CALL l i A T I 0 ( M , rl . F 1 1 , 4 )
CALL M A T I 0(M,N,F12,4)
CALL MATIU(N,M»F2i,4)
CALL MATI0(N,hiF22,4)
CALL CURE (v A ( F ^2 , N , C )
N11=0+1
DO 83 I = 1 , N 1 1
'. V R I I E ( 6,3 1 ) C ( I )

3 1 FORMAT! IX,E20.8)
83 CONTINUE

CALL MMUL(BET A,F12,1 ,M,N,DUMM1 )
CALL fl M U L ( 0 U N M I » F 2 2 , 1 , N , N , D U M M 2 )
CALL M M U L ( U U M il 2 , F 2 2 , 1 , N , N , 0 U M M 3 )
CALL MMUL(DUMM3 , F22 , 1 , N , N , DUMM4)
DO IU J=1 , N
•ti ( 1 , J ) = D U h M 1 ( 1 , J )
V, ( 2 , J ) = D u M M 2 ( 1 , J )
vV < 3 , J ) = D u M M 3 ( 1 , J )
>< ( 4 , J ) = 'D U H M 4 ( 1 , J )

10 CONTINUE
DO 8u J = 1 , N
DO 80 I = 1 i N
A ( I , J 1 = u • 0
A ( I , 1 ) = 1 • U

8 G CONTINUE
A ( 2 , 1 ) = C ( 4 )
A(3,1)=C(3)
A ( 3,2 ) =C(4 )
A ( 4 , 1 ) =C(2)
A ( 4,2 ) = C ( 3 )
A(4,3 ) =C(4 )
A R I T t ( 6,8 1 )

81 FORMAT!//,* MATRIX A•)
CALL M A T10 < N,N,A,3)
AS( 1 )=C(4 )
AS(2)=C(3 )
AS(3)=C I 2 )
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AS(4)=C(1)
CALL G M I N V ( N , N , vv , V,' I , M R , 1 ) 
CALL G M I N V ( N , IM , A , A I , M R , 1 ) 
VVR1TE(6,27>-

27 FURM A T ( // , • MATRIX ii> I « )

CALL MAT I 0(N,N,WI ,3)
'» R I T E ( 6,2 8 )

2 8 F 0 R M A T(// ,  MATRIX A I • )*
call matio(n,n,ai,3>
DO 6 i=1,M

6 tiAMAl(I,l)=uAHA(I,l)-AS(I,l)
CALL HMUL($ I ,A I > N , N , N,DU MM1 )
CALL MMUL(DUMM1 , G A M a 1 , M , N , 1 .ALPHA)
CALL MMUL (ALPHA .BETA,H, 1 ,M,L)

k 1 T E ( 6.1 u 0 )
1 u 0 FORMATI//,' MATRIX L• )

CALL M A T I 0 < 14 , M , L , 3 )
CALL M M U L ( L , F 1 1 , iM , M , M , D U M M 1 )
DU 2u I = 1 , N
DO 2u J = 1 , M

20 DUI!M2(I,J) = F 2 1 ( I , J )-DUMM 1 ( I , J )
SV R I T E ( 6,1 u 1 )

I u 1 FORI'iaTI//,*  MATRIX F 2 1 - L F 1 I • )
CALL M A TI 0(N,H,D U M M 2,3 )
CALL MMUL(L,F12>N,M,N,DUMM3)
0 0 3u I = 1 , N
DO 3u J=1 , N

30 DUMH4(I,J)=F22(I,J)-DUMM3(I,J)
.’i R IT E ( 6 , 1 u 2 )

102 FORMAT!//. • MATRIX F22-LF12*)
CALL M A TI 0(N , N , D U M m 4,3)

5 5 C 0 N T I N U E
END

*' ------------ ----------- ------------- -- -------------- — - __ _ . _ _ - - - . I
SUBROUTINE CHREOA(A,N,C) " “ ”
DIMENSION J<5),C(5),B(4,4),A(4,4).D(300)
N N = 14 + 1
DO 20 I = 1 , NN

20 C(I)=0.0
C(NN ) = 1 .j
O 0 1 4 M = 1 , N
K = 0
L= 1
J < 1 ) = I
GO TO 2

1 J ( L ) = J ( L ) + 1
2 IF(L-M) 3,5,50
3 MN=M-i

DU 4 I =L , MM
11 = 1 + 1
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H J ( I I ) = J ( 1 ) + 1
5 DU 1G I = 1 , M

D 0 1 u K K = | , rt
N R = J ( 1 ) 
NC = J(KK )

10 B(I,kK)=A(NR,[mC)
K = K+ 1
D(K)=DET(B,M) 
DUo^lfM
L = M- I + 1

1,6,50
6 CONT I HUE

M 1 = N - M + 1
DO 1 H I = 1 , K

M C(M1)=C(M1)+D(I)*(-1.O)*»M  
RETURN

5 G ,VRIT£(6,2uCu)
2 00 3 FORMAT( 1UJ , 5X , *tRRUR IN CHREQ A*)  

R E T U R f 4 
END

F U N C T I ON D E T ( A , R C")
D I'MENS I ON A ( q , H ) , P ( 4 , 4 ) 
IREV = U
DO 1 I=1,KC 
DO 1 J=1 , KC

1 B ( I , J ) = A ( 1 , J ) 
DO 2u 1 = 1 , KC 
K= I

9 IF(ti(K , 1 ) ) 10,11,10
11 K=K+1

I F ( K - K C ) 9,9,5 1
10 IF( I -K) 12,14,51
12 DO 13 M=1 , KC

T E M P = b ( I , M )
B ( I , N ) = R ( K , M )

13 B(K,M)= T E M P 
IFEV=IREV1*

1411=1+1
IF( I I .GT.KC ) GO TO 2U
DO 17 M=I I , KC

18 1 F (H(H , I ) ) 19,17,19
19 T E M P = 8 ( M , 1 > / F> ( I , I )

DO 16 N =1 ,K C
16 b(M,N)=B(H,rj)-B(I,N)*TEMP
17 CONTI t4UE
20 CONTINUE

DET = 1 . u
DO 2 I = 1 ,KC

2 DET=DET*B(1,I)
DET=(-1.C)«*1«EV*DET
RETURN

51 DET=u.O
R E T U rx N
END



APPENDIX V

The Computer Program to Design Kalman

Gain Matrix Ke (Stabilizer Type IV)
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IMPLICIT K EAL«8 (A -H , 0-Z )
DIMENSION A(12,12),ti(12,12),D(12,12),E(12,12)
DIMEns ION L1(12)sM1(12),L2(12)1M2(12)
DIMENSION 82(12, 12),L 3(6 ) , M 3(6)
DIMENSION P(6,6) ,0(o,6) ,E T A( 1 ,6) ,EI A T(6, 1 ) ,E T A P( 1
D I M E N S I 0 N R(l,l),r3T(l,6),RBT(l,6)
M = 6
N= 1 2
HK= 1
REA0(5,UMAX,EPS

1 FuR MAKIS,F15.7)
Vv K I T E ( 6 , 1 ) M A X , E P S
READCS, lu) (ETA( 1 ,J) ,J=1 ,m)

10 FORhA T(6F o.4)
Ak I IE(6 , SuUD) (ETA( 1 ,J) ,J=1 ,M)

5 u C 0 FORMAT (6F13.S,//)
REA[)(5, 1 1 ) (ETAT( I , 1 ) , 1 = 1 ,M)

11 F 0 R M A T ( F 8.0 )
.VKITE(6,buDl ) (ETAT ( I , 1 ) , 1 = 1 ,M)

S J u1 FORMATI (6F13.S,/),//)
RE Au(b, 12) ( (R( I ,J) ,J=1,MR), 1 = 1,MR)

12 F 0 R M A T(F 8.3 )
I Tt ( 6 , Suu2 ) ((R(1,J),J=1,MR),I = 1,MR)

5 u u 2 FORMAT ( F 1 3.5 , // )
RE A U(b , 2 / ) ((dT(I,J),J=l,M),I = l,MR)

27 FORMAT(6F10.H)
»VR I TE ( 6 , SJU3 ) ( (BT( I , J) , 0=1 ,M) , 1 = 1 ,MR)

5 u 0 3 F0RHaT(6(3X,E13.6),//)

RE A 0(S , 2 7 ) ((a(I,0),0=1,N),i = 1,N)
'A'RITE(6,5uuzI) ((A(I,o),O=l,N),I = l,N)

5 u C ‘t F0RMAT(12(6(3x,E13.6),/,6(3X,E13.6),/),//) 
DO 20 1 = 1 ,N
DO 2u 0 = I , N

20 8( I ,0 ) =A( J , o)
DU 29 K= 1 , MAX
DU 32 I = 1 , N
D 0 3 2 0 = 1 , N

32 E( I ,0)=B( I ,0)
CALL MIN V(E , N , Z1 ,L1 ,M 1 )
DO 3 u I = 1 ,N
DO 3u 0 = 1 , N

30 b( I ,0)=0.S#(b( I ,0)+E( I , 0 ) ) 
CALL G M P K D(8,b,U 2,N,N,N) 
Kb 5 U • u

6) ,ETA3( 1 ,6)

8 A = u . u
DU 3u I = 1 , n

BA=8A+P(I,I)
3 G 0 BB = bu + B2(l,I)

DLL=DARS(rt8-12.0)
uRITE(6,5uOS) D E L , B A

5 0 u 5 F G R M a T ( F 1 3.5 , / )
IF (uEL .LE. EPS) GO TO 31

29 CONTINUE
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3 1

60
6 1

70

80

90

40

1 CO

63

2C0

20 1

2G2

203

AR ITE(6,6u) ((A(I,J),J=1,N),I = 1,N)
AR ITE(6,6 1 ) ((B(I,J),J=1,N),I = 1,N)
•ft R 1 T L ( 6 , 1 ) K , D E L
F0RMAT(1X,9hMaTRIX A:,/,12(6(3X,E13.6),/,6(3X,E13.6),/),//)
FOR i-1 x T ( 1 X , 9 H MATRIX 8 I ,/,12(6(3X,El3.6),/,6(3X,E13.6),/),//) 
DO 7u I - 1 ,N

DO 7u J=1,N
E( I , J)=0.j
DU 8u I = 1 ,M
E( I , 1 ) =-l .0
DO 9J I=8,N
E ( I , 1 ) = 1 • b
DO Hu I = 1 ,N
DO Hu J = 1 , N
E( I ,J)=F( I ,J)+8( I , J )
CALL M1N V(E,N,Z 2,L 2,M 2)
DO 1 uu 1 = 1 .N
DO 1u u J =1 ,N
D ( I > J ) =2.u*E ( I tJ)
W R I T E ( 6,6 3 ) ( ( D ( I , J ) , J = 1 , n ) , I = 1 , N )
FORMAT( 1X , 9HMATRI X D:,/,12(6(3X,E13.6),/,6(3X,E13.6),/),//)
DO 2U J I X= 1 , M
D02u0IY=1,M

P ( I X , I Y ) =D< I X, IY+6)
0( I X , IY)=-D( IX + 6 , I Y )
C A L L III N V ( Q , H , Z 3 , L 3 , M 3 )
aR1TE(6,2u1) ((P(I,J),J=1,M),]=1,m>

V. R I T E ( 6,2 0 3 ) E P E , E Q E
FORMAT! 1 X, • EPE = ' .E15.8,10X,•EQE=• ,E 1 5.8)
STOP
END

FURIiAT ( 1 X , 9km AT R I X P: ,/,6(6(3X,E13.6),/))
fl R I T E ( 6,2 u 2 ) ( ( Q ( I , J ) , J=1 ,M) , i = l ,ri)
F 0 P M A T( 1X,9 H M A T RI X 0 1 ,/,6(6(3X,E13.6),/))
CALL GMPR 0(ETA , P , t TAP , I i M । M )
CALL GMPRD<ETAP,ETAT, EPE,1,M,1)
CALL G M P R U < F T A » U,E T A Q , 1 , M , M )
CALL GMPF<D(ETAQ,ETAT, EQE , 1 ,M , 1 )
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C

SUBROUTINE GMPRD(A,b,R,N,M»L)
IMPLICIT REAL»8 (A-H,O-Z)
DIMENSION A(1),B(1),k(1) 

C
I R = O
I K = -n
DO 1 C, K= 1 , L
I K = I K + M
D 0 1 u J = 1 , N
I R = 1 k + 1
J I = J-N
I b= I K
R ( I R ) =U
DC 1u I = 1 , M
J I = J I + N 
I B=I 0+1

10 R(Ik)=R(lR)+A(Jl)*B(lB)
RETURN 
END

SUBKO vTINE M 11» V ( A , N , D » L , M ) 
D I M E N S I 0 N A ( 1 ) , L ( 1 ) , M ( 1 )

C
C . . . . .
c
C IF A DOUBLE PRECISION VERSION OF THIS ROUTINE IS DESIRED, THE
C C IN COLUMN 1 SHOULD BE REMOVED FROM THE DOUBLE PRECISION
C STATEMENT H I C H FOLLOWS.
C 

DOUBLE PRECISION A,O,BIGA,HOLD
C
C THE C MUST ALSO BE REMOVED FROM DOUBLE PRECISION STATEMENTS
C APPEARING IN OTHER ROUTINES USED IN CONJUNCTION WITH THIS
C ROUTINE.

C
C THE DOUBLE PRECISION VERSION OF THIS SUBROUTINE MUST ALSO
C CONTAIN DOUBLE PRECISION FORTRAN FUNCTIONS. AB S IN STATEMENT
C 1G MUST BE CHANGED TO DABS.
C 
C ... ....................................................
C
C S E A R C H FOR LARGEST ELEMENT
C

D= 1 . u 
N K = - N 
DO Hu K=1,N 
N K = N K + M 
LIK)=K 
M ( K ) - K
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KK=NK+K
BIGA = A(KK )
DO Zu J=K,N
I 2 = N ♦ ( J - 1 )
DO 20 1=K,N
I J=I 2+I

10 I F(DAbS(B1 GA)-DABS(A( I J) ) ) 15,20,20
15 b I Ga = A( I J)

L ( K ) = 1
M ( K ) = J

2 u CONTINUE
C
c 1 N T E R C H A N b L R 0 V. S
C

J = L(K )
I F(J-K ) 35,35,25

25 K I =n-N
DO 3b I = 1 , N
K I = K J + N
hCLC = -A (K 1 )
J I=KI-K+J
A ( K1 )=A (J 1 )

3u A(J I ) =HULD
c
o interchange columns
c

35 I=M(K)
IF( 1-K) ^5,MS , 38

3 8 J P = N♦( I - 1 )
DU Bu J= 1 , N
J K = N K + J
J I = J P + J
HOLD=-A(JK)
A ( JK. ) = A ( J I )

8C A (J 1 ) =HOLD
c
c DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS
C CONTAINED IN B I G A 1
C

*i 5 1 F ( H 1 (, A ) 8 , -I , -i 8
46 D = O.,j

R L T 0 h N
48 DO 55 1=1,N

I F( I -K ) Su,55,50
5 U I K = N K + I

A(lK)=A(Ir)/(-8IGA)
5 5 CONT 1nUE

' DO 65 I = 1 ,N
1 K = N K + I
H 0 L 0 = A( IK)
I J = I - N
DO b5 J =1 ,N
IJ=1J+N
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I F( I ■K) 6Gf6S|60
60 1F(J-K) 62.65,62
62 KJ=I J-I+K

A( IJ)=H0LD*A(KJ)+A(  1 J ) 
65 CONTINUE

C
c DIVIDE R 0 >'• BY PIVOT
C

K J = K-N
DO 7 5 J= 1 , N
K J = K J + N
I F(J-K) 7u , 75,70

7 U A(KJ)=A(KJ)/BIGA
75 CONTINUE

C
C PRODUCT OF PIVOTS
C

D = D*b  I GA
C
C REPLACE PIVOT BY RECIPROCAL

A(KK) = 1.lVB1GA 
Hu CONTINUE

C
c final roa- and column interchange

K = N
1 u 0 K - ( K - 1 )

I F ( K ) 15o, 150,105 
105 I=L(K )

IF ( 1-K) 120, 1 2D, 108
1 G 8 J u, = N ♦ ( K - 1 )

J R = N  ( I - 1 )*
DO 1 1u J— 1 ,n

J K = J Q + J
HOLD=A(JK)
J I =JR +J
A ( JK ) =-A(J I )

110 A(J I ) =HOLD
120 J = M(k )

IF(J-K) luD,100,125
12 5 KI= K-N

DO 130 I = 1 ,N
K I =K 1 +N
HOLD = A(KI )
J I =K I -K +J
A(KI ) =-A(J I )

130 A(J I ) =HOLD
GO TO IOC

ISO RETURN
EnD



APPENDIX VI

Computer Programs to Simulate the System 

with Stabilizers Type I,II,III,IV respect

ively (Linear Model, Noisefree Case)
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PARAMETER GP=7.53,T1=.C425,T2=,229,T3=4.145,T4=.2175,TR=,C8366 
DYNAMIC

Till = l.'J
TI = INTGRK.. ,TIM)
X = 0.325-TI
PM = .4*PULS'2  ( C. . 2 5, X)
DXl=-5 »',’=Xl-2 :,’*X3-2:
X1 = INT3RL(j» 2,DX1) 
0X2=1. 25*X1-1.  25*X2  
X2= IMTGRL(J.3,UX2)
DX3=. » 375-X1- , 375VX2-X3

J.-. ^X4 +2';- . j?. *u

X3=INT3RL(0. 2,0X3)
0X4= 3, .63 18^X2-3-3*X^-125.  91*  X5- ,. 1859*X6
X4= INTGRK , , C.X4)
DX5=-'J. 255^X4-. . 25-X 5- j . 1334*X6  +0.1*PM
X5= riTGRK C,uX5)
0X6 = 377 . ' *X5
X6 = INTGRL ( . j , 0X6 )
0X7=-.255*X4-.25*X5-. 133* X6-12.* X7+0.1*PM
X7= IMTGRL( ?.C,0X7 )
DX8=-4,86<<X4-4,775-2 > 54*X  6-225 . *X  7-4. 6*X8  + 0, 1" ( T 3/T4) PM
X8=INTGRL(3.C,DX8)
DX9=-6.7 9*X4-6.6  6*X5-3 ,56»X6-314.*X7+26.5*X8-4»  37*X9  ...
+ 2,1*  ( ( GP-'T1^T ,i )/ (T2‘- T4 ) ) vPM
X9=INTGRL(j. C,DX9)
U=X9
El=Xl«Xl+X2vX2+X3*X3+X4*X4+X5*X5+X6*X6
JX= INTGRK -j 
E2=L*U

3,El)

JU= INTGRK >. . , E2) 
J=JX+JU

TIMER PRDEL=C.l,0UTDEL=C.
PRINT JX,JU,J
PRTPLOT XI
PRTPLOT X2
PRTPLOT X3
PRTPLOT X4
PRTPLOT X5
PRTPLOT 

ENL
STOP

X6

1,FINTIM=5.D



120

DY IM 10
TI" = 1,'
II = I <T3RL( , Til)
X = 0. ,2r'-TI
PV =  AMPULS ?( .*->  25, X)
DXl = -5 , ■■Xl-2 » "X3-2. ■• .'.0”XA +20 )0D. ?’’:U

DX 2 = 1 , 2 5-'r X 1--1 . 2 5 - X 2
X2 = I.\T3^L( , ",OX2)
DX3= ?. .. 375-=Xl- , ■'37?*X2-X3
X3=IMTG3L( . , i;X3)
DX4=-a . 5313-X2-?,3 . 3^X4-125,91«X5~';» 1859^X6
X4=I^T'.?,RL ( . , X4)
DX5 = --' > 255-X4- ,2= =X5-3, 1334*X6  + ',1-P.M
X5=P-!T3RL( = " , _'X-)
0X6 = 377. ?-t-X5
X6=riTC^L( . , ",OX5)
U= ’1.99 5 1-1,2 ?- <2 + 22.545-X4 + 21, 5 5 8^X5-7. 97
El=Xl" Xl + X2r'X2 + X 5"X 3 + X4^X4 + X5«X5 + X6«X6
JX=r!T3RL( . :.,E1)
E2 = LJ^-U 
JU=PJT3RL( E2) 
J = J x+JU

TIMER PkDEL= ■. 1,GUTDFL= '•. 1, F I NT P-' =
PRINT JX,JU,J
PRTPLOT Cl
PRTPLOT XI
PRTPLOT X2
PRTPLOT X3
PRTPLOT X4
PRTPLOT X5
PRTPLOT X6

END
STOP

5--X6
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8B*X24-.706»K3H+.4  5*X4H-'''  . 25*X5H  - . 13

Cl 
XI 
X1H 
X2 
X2H 
X3 
X3h 
X4 
X4H 
X5 
X5H 
X6 
X6H

DYNAMIC
TIM = 1»3
TI = r-lTCRK 0. ,TIR)
X = 25-TI
PM = -;)14tPULSE( J..v25,X)
DX1 = -5 _ . 0*Xl-2  'CCC. C*X3-2O*'3-J.  1*X4  +20 DOO. ?*u
C1=INTGRL( . , L'Xl)
Xl=LIMIT(-7,3,7.3,01)
D X2= 1. 2 5" X 1 * 1.2 5v X2
X2=INTGRL(;»:,DX2)
DX3= . 375^X1- . 375+X2-X3
X3=INT3RL(:j. C,UX3)
0X^ = 0. v6 3 13^X2- ?. 3 ‘3^X4-125. 01*  X5- ). 185 9*X6
X4=I.\!TGRL( , DX4)
DX_> = -3.255*X4-_.25- ’X5-;.1334»X5 +0.1*PM
X5=PUGRL( D. :,L>X5)
DX6 = 377 . +X5
X6= INTGRL ( j, .3,0X6 )
DZ3=. 06 6*  XI - . C 3 6*  X 2+10. 996*  X3H+11.096*X^H-l  1.99 6*1)
DZ4=-» ,723*X1  +.59^t*X2-3  ,44*X3H-3  . 746*  X4H-12 5 » 91*  X5H
6H+3J,442*U
DZ5=.0.168*X1+

DZ6 = ,1396*X1  + , . 73 5*X2  + 5 8.7 7*X3H  + 5 8.77*X4H+3  7 7.*X5H-58 1 
Z3=INT3RL(j.:,CZ3)
Z 4= INTGRL ( ... D.r-ZA)
Z5 = INTGRL( ., , DZ5)
Z6=INTGRL(J.?,DZ6)
X3H=Z3+.3C.6*X1+.C:1?*X2
X4H=Z4-, 152*X1-,.  3 4-X2
X5H = Z5 + . DC 0 335- X1 + , OC J ..71 2
X6H*Z  6+. OG294-"X1 + . DO 588*X2
U=-1.995* XI- 1.2:2*X2  +j. 9 25* X3H-22,545* X4H+21.568* X5H-3 
E1=X1*X  1+X21-X2 + X3--'X3+X4*X4  + X5*X5  + X6«X6
JX = PiTGRL( :,E1)
E2=U*U
JU=INTGRL( , , E2)
J=JX+JU

TIMER PPDEL-3.1,OUTDEL=0.1,FINTIM= 5.0
PRINT JX,JU,J
PRTPLOT ’■
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT

END
STCP

»1859*X...

4*X6U  ...

67*L

»975*X6H
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DYNAMIC
TIM = 1.0
TI = INTGRL(0. TIM )
X = . 25-TI
PM = -..APPULSE(0. .25, X)
DXl=-5.. ,3*X1~2  . 2 2. :*X3-2CuCC.  O*XA  +20 0 3*U

X4=IMTG«L ( 0,
■ DX5=-0.255^X4“

UX2 )
»0375*X2-X3

r. X 3 )
- j,3.3-sX4-125.91^X5--rl859*X6
DX4 )

25 -X5-0.1334*X6  +O.1*PM
X5= INTGRL( ..2,0X5)
0X6=377. *X5
X6 = INTGRL( 0,0X6)
DX1H= -5 0. O*X1H  2*0  ,• 2. 0*X3H-2CC  20. 2»X4H + 2C0.’ <J*U+1.8^-7*(X5-X5H)
X1H=INTGRL( . ,DX1H)
DX2H=1,25vXlH-l.25- X2H +1.238*( X5-X5H)
X2H=INTGRL( u. 2. ,DX2H)
DX3P=3» 2 375^X1^- 2 . .375-X2H-X3H -487.59«(X5-X5H)
X3H=INTGRL(?.J,DX3H)
DX4H = 0, 0 6 318'‘X2ll-0.3 '3*  X4H-125.91 «X5H-C . 185 9^X6 H . . .
-489.3u*(X5-X5H)
X4H=INTGRL( . ,DX4H)
DX5H=- . . 255='X4H-?. 25«X5H-0. 1334*X6H  + 35 1.58*  (X5-X 5H )
X5H=INTGRL( G,DX5‘i) .
DX6H=377. ='X5H+ . 72 5*  ( X 5-X5H)
X6H=INTGRL(..Q.UXSH)
U=- 1.99 5*X1H-1,2  02*X2H+C.92  5*X3H--22.545*X4H  + 21.5.58*X5H  -7e975*X6H
E1 = X1 ■'X1 + X2--X2 + X3^X3 + X-t*X4+X5*X5+X6- cX6
JX=INTGRL(j.0,61)
E2=U-U
JU= INTGRL( ). 2,c2)
J=JX+JU

TIMER PR0EL=0.1,CUTDEL = 0.1,FI NT IM= 5.0
PRINT JX,JU,J
PRTPLOT Cl
PRTPLOT XI
PRTPLOT X1H
PRTPLOT X2
PRTPLOT X2H
PRTPLOT X3
PRTPLOT X3H
PRTPLOT X4
PRTPLOT X4H
PRTPLOT X5
PRTPLOT X5H
PRTPLOT X6
PRTPLOT X6H

END
STOP



APPENDIX VII

Computer Programs to Simulate the System

with Stabilizers Type I,II,III,IV respectively

(Nonlinear Model, Noise-free case)
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TIM

PAI )

< 6

Ti.’Ol 
3P = 7.

1 , IMGRK , . 25-TI

Cl 
XI 
X2 
X3 
X4

25, X )
V--X3-2

133^X6-12,«X7+ ,l^PM
X7-4.6*X3  +-),1*(T3/TM*PM

1.55,xni^C.32 
2175,TR=.7R366

1.7B3?3,Y1 = 2,436555, Y2 "■= 1. 3 23 1
I ,XE = f « j , E = 1 •r-', T v-= 1 •»P=?
Il = . .42 5,T2 = . 2 29,73=4.14>

0:-.9*X4  +29

INCCM XT
PAP 47*5  Tc2
PAR AM-I 3°CYMAMLL

TI> =
TI_ = ,
PM-= - Ta.^pOlSEI .
DX1 =-5 ' . >-'Xl-2 :
Cl= IMT3RL( XI) 
Xl = LIMIT(-7J3,7..-.,ul)
DX2=1>25^X1-1»?' X^
X2=riToKLI।>-»'X2)
rjx ? •> i75''Xl- = 5 73-X2-X3

IXO-XOl>/(XEtXDll)»5«CrS<X6l

1 , CUTDEL=M1,FI NT IN= 5.0

c F D= 2. 3 6 5 i> -■ + X 2
DY1 = (1 ./TCG1 P ( -:FC Y1 )
DYCm'E/TlPIIM ?? Xl. rXDl)/(XE+XQ) ) * ( EO-E*COS  ( X6 ) )-Y2)
Y2= P-T -XL (Y2 ,lY2)
FQ1=Y1-Y2
V0= EC 1 - xMlv-I r>
'l8= pPQ1 MCEJS ( X _> ) ) / ( XE+XQ )
10=E-SI 'I( X6) /( Xl + x :)
PE=rOMM
X6.=sqpt (vi/'v c+v c-vc )
PA = -9E-3-:X'>+ Di'-'+ - . 3 53 91
PA1 = P VTM
X5=IMT;,2L(X-
DX3 = X5 •• 377. :
X6=IVT3CL( <6 .
DX7 = -. 255 --X— , 2'.^ X
13 X 6 = - 4'» 8 6 i X 4 - 4 V‘ 7 7 >' M - 2 . 5 4 = '• X 6 - 2 2 5

DX9^r,;79M ^4 MMP5-3,56X-X6-314. vX 7+ 2 6.5-X 3-4. 3 7 = X <?
+ 0. r-- ( ( 3P*TP-T  3 ) / ( T2-T4 ) )
X9= IMT3RL( . ..,"X9)
IPX0

TIf'EP
PRTPLOT
PRTPLOT
PRT c-LOT
PR TPLOT
PRTPLOT
PR!PLOT
PRTPLOT

END
STOP



125

), T IM)

X2-C 
X3-j

■ *X4  +20 220. :/*ll4-20.")0

0.1 , CUTij tL = .j , 1, F I NT I V = 5,r
X2
X3
X4
X5
X6

X =
PM=-C.4*PULSE(  .025,X)
pxi=-5..'j*xi-2.,:oc.  „*X
C1=INTGRL( , ,0X1)
XI = L I MI T(-7.3,7.3,.21)
DX2=1.25*X1- 1.25*X2
X2=I\iTGRL( ,.,0X2)
0X3=3.:375«X1-..O375VX
X3=I/IT3RI_( j, 2,1; X3)
EFa'^ijlSo^Xz”01"6501"1 lxa-xol>/'x^xDll)»E.CCS(X6)

DY1=(l./TD01)^(EFD-Yl)
Yl= IMTGRL ( Y1 ?, 2, Y 1)
Y2 = INTGRLL?Y2 :”XD1 )/(XE + XQ 1 tQ-E*C0S(  X6) )-Y2)
EQ1 = Y1Y2
VQ=EQ1-XD1^ID
VD=XC*IC
10=(EQ t*CUS(X6) )/(XE+XQ)
PF-F?-c ^X5)/(XE + XQ)

X4=S9RT(VD»VD+VQ*Vw)
PA = -PE ■ D*X5+PM+ 2.g 5^91pai=pa/tm
X5=INTGRL(X50,PAI)
0X6=377,0^X5
X6= INTGRL(X6 3, DX6)
X1H= XI- .
X2H =
X3H=
X4H =
X5H =
X6H=X6;1;78323

TIMER^PRDEL=0^i^CUTGEL = u^TFT2TTv = 3y~r2e545vX4H + 211 X5H-7. 975^X60

PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT
PRTPLOT

END
STOP

PARAMETER~'TDni = 6"s*XF=? 3-,Y--72-42<T^5, Y2 3 = 1.3 223 01
DYNAMIC * ,XE 1*' ,t 11 »T-1 > , D-2.5, XD=1. 6, XQ = 1. 55, XD 1 = C» 32

TIM=1.,
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INCON X5'= .”',X6 =1.78323,Yl' =2.436565, Y2C=1. 3 23'1
PARAMETER TD01=6.5 ,XE = 1.0, E= .99 ,TM= 1c. , C= 2.5, XC= 1.6, Xi? = 1.55, XD1 = C. 32
DYNAMIC

. TIM =1.0
II = INTGRK-. ,TIM)
X = D..J25-TI
PM = .*̂̂ULSE  ( •?. .25, X) 
DXl=-5 , «Xl-2 . -> ^X3-2)
C1=INTGRL(J.C,DX1)
Xl=LIMIT(-7. 3,7.3,Cl)
DX2 = 1.25-X1- 1,25*X2  
X2=INTGRL(j.0,0X2) 
D X 3 = C-, '-j 37 5« X1- . . C 3 7 5*  X2-X3

... .*X4  +20 ' 3. *0  + 2 :

X3=INTGRL( ), 0,0X3)
EQ=((XE+XG)/(XE+XCl))*E01-( (XQ-XD1)/(XE+XD1))*E*COC(X6)
EFL) = 2.436565+X2
DY1 = ( 1,/TDOl)*( EFD-Y1)
Y1=INT3RL(Y1 ,UY1)
DY2 = (1./TDU1)*(  ( (X )-XDl)/(XE + XQ) )*( EC-E^COS(X6) )-Y2 )
Y2=IMT5RL(Y2:,DY2)
EQ1=Y.1-Y2
VQ=EQ1 -XCr-ID
VD=XQvIQ
ID=(EQ-E*C0S(X6) )/(XE+XQ)
IQ=E«SIN(X6)/(XE+XQ)
PE=EQ*IQ
X4=SORT(VD*VD+VQ*V  ; )
PA=-PE-CvX5+PM + ^ .9 5 391
PA1=PA/TM
X5=IMT3RL(X5C,DA1)
0X6 = 377 . ■''*<5
X6=INTuRL(X6 ,0X6)
DZ3=.O66*X1-.C36*X2+10.996«X3H+11.996*X4H~11.996*U
DZ4=" . _-723*X  1 +. 59-v*  X2- 30.44*X3H-33.746*X4H-125. 91 • X5H1 R59 = X , , .
6H+3 .-42+0
0Z5 = , 0.. 1 58^X1+ .0 00.8 8 + X 2+. 7 0'6 + X 3H+. 45 + X4H-: ,25*X5H-  . 1334*X6H  . . .
-0.7056-0
DZ6=. 1 3 95 + X1 + . O7 3 5'=X2+5 8.7 7''-X3H+5 8. 77« X4H+377. X5H-5 8.67*0
Z3 = INTGRL( . :,i;Z3)
Z4=INTGRL( '',DZ4)
Z5= INTGRK ?, 0,UZ5)
Z6=INTGRL( , ,dZ6)
X3H=Z3+,CQv6AXl+.Q 12+X2
X4H=Z4-.Q5152*X1-.  , 0304*X2
X5H=Z5 + .'. 35 6X1+, .. 71*X2
X6H = Z6+, OC294-^X1 + , ."'588+X2
0= - 1.9 95+X1- 1,2C2+X2 +j. 9 25*X3H-2 2.545* X4H+21.568*X 5H-7.975*X6H

TIMER PR0EL=3.1,GOTDEL= 1, FINTIM= 5..
PRTPLOT Cl
PRTPLOT XI
PRTPLOT X2
PRTPLOT X3
PRTPLOT X3H
PRTPLOT X4
PRTPLOT X4H
PRTPLOT X5
PRTPLOT X5H
PRTPLOT X6

ENPRrPLOT X5H 

STOP
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*X4H + 2 )?■? 3,0*11  + 1.84-7*(X 5-X5H)

Cl 
XI 
X 1H 
X2 
X2H 
X3 
X3h 
X4 
X4H 
X5 
X5H

dynamic
TIM = 14JI1 = INTGRK j. . .TIN)
X = C.C25-TI
DXl=-5j:O»X1-2:c53.0«X3-2O3uO.0*X4  +209CC.0*U+2CCCC .C
Cl=r!T3RL( 3. 0,'jxi)
X 1= L IM I T ( - 7 • 3» 7 i 3 »v. 1)
DX2=1,25*X1-1.2 j«X2
X2=INTGRL(3. C.uX2 )DX3=‘'."375*X  1-/.C375*X2-X3
eq=hx1?xc;)/(x:: + xdl) )*EQl-(  (XQ-XDl)/(XE+XDl ) )*E*COS (X6)
EFD=2.h365c5+X?
DY1=(1,/TDC1)*(EFC-Y1)
DY2i(!U/TDy]lj*((  (L-XD1)/(XE+XQ) ) * ( EQ-E*CCS  ( X6 ) )-Y2 )

Y2=IMTGRL(Y2 ,DY2)
EQ1=Y1 -Y2
VO=EQl-XDlvI0
ID= i(EQ-E«COS (X6 ) )/ (XE + XO)
IO=E~SIN(Xb)/(XE+XC)
PE=EO*IQ
X4=S0RT(VD^VD+VD^VO)
PA="PE-C*X d+PM+ .9 t391
PA1=PA/TM
X5=IMTGRL(X5C,PAl)
DX6=377. *X5
X6=INTGRL(X60.0X6)
DX1H=-d >.'j*X1H  -2.,’- ,
0X211 = 1 ?15bxlH-i?25nX2H +1.2 38*  ( X 5-X 5H)

DX-JFH!S73-XltfX!i!375-X2H-X3H -A87. 59*  ( X5-X5H)

DX4H=0lc6318*X2H-^303*X4H-125.91*X5H-0.1859*X6H  ...

-489.3=*(X5-X6H)
D^h1-T?255--.X4H-^2 5*X5H-0.1334*X6H+351.58*(X5-X5H)
X5H=PlfGRL( ;.3,DX5H)
DX6F = 377. -'XdH+ , 7 2 5*  ( X 5-XsH )
iX|tH7I9Jji?.XlH*i ’2C2*X2H +?.92 5*X3H-22.545*X4H  + 21.568*X5H-7.975*X6H

TIMER Pr6el = 0. It OUTDEL= . If F INT IM- 5.-- 
PRTPLOT " 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT
PRTPLOT X6
PRTPLOT X6H

ENO
STOP



APPENDIX VIII

Compuetr Programs to Simulate the System with 

Type II,111,and IV Stabilizers Pespectively. 

(Linear Model with Noise)
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l-''tP2=G . 1'.

^X3-2. ;*X4  +2^ *U +NS1
1)

+ NS2

XI 
X2 
X3 
X4 
X5 
X6

DX6 )
,P2) 

. ,P2) 
»P2 ) 

1- ,P2 ) 
- ,P2)

=X1+NM1
=X2+NM2
=X3+\M3
=X4+NM4
=X5+N^5
=X6+NM6
1? ?^?*S  1- 1,2 32*5  2+ 3,92 5':S3-2 2» 54 5-54+21. 568” 5 5-7.975*56

PARAMETER P 1= . . . 
DYNAMIC

TIM = 1.3 
TI = INTGRL ( C. 3-, TIM ) 
X = 25-TI
PM = -l.4*PULSE (0..25,X) 
NS 1=GAUSS( 1,3. ,P1) 
DXl=-5. , *X1"2  .
C1=INTGRL(J.0,0X1) 
X1=LIMIT(-7.3,7.3,0 
NS2=GAUSS(3, . ,D1) 
DX2 = 1.2 5*X1-1 .2 5--X2 
X2=IMTGRL( 3 ,DX2) 
NS3=GAUSS(5,0, ,P1)
DX3=', 375^X1” .0375^X2-X3 +NS3 
X3=INTGRL(j.0,0/3) 
NS4=GAUSS( 7, _ ,P1)
ya-7mt- 2 3~X4-125.91*X5-..,  1859*X6  +NS4
X4 = I NToRL ( j. . , uX4 ) 
NS5 = GAUSS(9,0. . ,P 1)
X5=1NTCRh““;l-X5|',<5" •1334*X6 .NS5
NS6=GAUSS(11,0.3, Pl) 
0X6=377.0*X5  
X6=I\iTGRL( . 
NM1=GAUSS( 1,.. 
NM2 = GAU$S( 3, '? 
NM3=GAUSSI. 
NM4=GAUSS(7,0 
NM5=GAUSS(9,0 
NM6=GAUSS(ll,:;c,P2) 

S2 
S3 
S4 
S5 
S6 
U=
Ell=?i*̂ i^2«X2+X3*X3+X4*X4  + X5*X5  + XMX6 
JX = INTbRL( J . , P 1 ) 
E2=U*U  
JU=INTGRL(,E2) 
J=JX+JU

TI^R PRDEL = 0. 1,OUTDEL = C. 1,FINTIM = 5.3 
PRINT JX,JU,J 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PRTPLOT 

END 
STCP
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PA-^MET ER D 1 = 0 . OCOO 10, P 2=0. CCOO 10
DYJAMIC

TIM = 1.0
TI = I’HGRLt 0.0, TIM)
X = 0.025-TI
PM = -C.',*P<ILSE  ( n. czs ,x )
MS1 = C,AUSS( 1,0. O,P1)
DX1=-SO .0*41-20000  .C*X3-2000C.  0*X4  +20000.C*U  +'JS1
Cl = IMTGRL(n.n,j<l)-
X1=LIMIT(-7.?,7.3,Ci)
'JS 2 = GAUSS ( 3, 0.0, Pl )
0X2 = 1. d. 5*X  x-1 .2 i*X2  + J52
X2=I JTGRK ■). 0,l,X2)
MS 3 = i At.i S S ( , 0. u , P 1 )
0X3=0. 7 5*  4 1-.? . 0 375*X2-X3  +\S3
X3=ImT:-3L(^.p,LX3)
’■ISA = GAUSS( 7, 0. 0, Pl)
DXA =0.0331 ■'J*X  2-0.3G3*X*- 125 . OI^Xd-O. 1 359*  X6 + JSA
XA=r-.TG-lL ( 0.0,9 43 )
MS5 = GAUSS( 9, 0. O,-P1)
DX-> = -0. 355*X3-9.  25*X5-0.1333*X6  +0.1*PM  +\'S5
X5 = I JToRL (0.3,0X5 )
MS-=GA.JSS( 11 ,O.n,Pl )
DX-)= 377 . C*X2->  +US6 '
X6=I\T5RL(3.0,i'X5)
>!Mi=GAJSS( 3,C.r>,Pl )
S1=X1 + .MH1
•4'12='; A'JSS ( 5, 0. C , y 1 )
S2= <2+ ,v?
DZ 3 = . 0 1 ,*S  1-. 0 3 5*52+1  0. '996*X3H+1 1 . ) 96*  44H-1 1 . -> -) 3*U
D7Z.X- ,c 72 3*S  1 i- . 59 t*S2-  30.4 A*X3H-30. 74--.*  X^tH-12-i. 91 V X'-'H-. 1 S '9v-X . 
bH+’9 .<*  t?*lJ
9Z; = . AC1 5 2*  SI + . OOQT' J ;■ *52+  . 70G*X  3n+ . *5*X^H-0 .2 5*  X 5H- . 1 3 34*  X 5H . .
-0. 7f)5(j*U
DZ . 1 7-7*3  1 + . 30",3 i-Sz + SP . 7 7*X3iH  5 5. 77*X4H+  377. X5H -53. 67*1)
Z? = I XT3RL (n. -'Z3 )
Z4=I JT2 11(9.0,02 4) .
Z5= IGT.,3L (0.0,1-2 5)
Z6 = I’)TbRL(9.0, ".261
X3H = 2 3+. ■'iOC;.*S  1 +. 0^ . 2*S2  .
X4H=24- .001/-?*  -> 1-. CO 3C=r"S2
X 5 H = 2 5 + . 0 9 j 0 3 5 . j 1 + . 2 0 J 0 7 1 * '> 2
X 5H = 2 j+ . 0 92 * S1 + . ''0 6 * S 2
IJ=- 1.9 ) 5*  SI - 1.202*32  +0 . 72 5 * X3H-2 2 . 7 4 5*  X4H+21.5 o C * X 7.9 7 i * <6m 
E 1= X 1 *X  1 + X 2*  y 2 + X 3*  X 3 + X 4*X  4+ X5*X  5+ Xo*  X6
JX = If)TuRL ( A. n, ;_1 ) ‘
E2 = U*'J
JU= I\'T ,RL ( 0.0, r 2)
J=JX+Ju

TLIER ?-D>u=0.i,C!!JTC7L=?.l,FI 4TIM = ^.O
PR IDT JX,J!.i,J
PKT PLOT XI
PRTPLOF X2
PRTPLOT X3
PRTPLOT X3H
PRTPLOT X4
PRTPLGT X4H
PRTPLOT X5

PRTPLOT X5H
PRTPLOT X6
PRTPLOT X6H 

z'.D 
stlp
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Ph.’ 1M E T E 9
EY ■. V- JO Pi = o.ceo('ic,P2 = o.oconio

xt-

jX

. Xd)
15^ =

+ N j. o
L X 5 )

S5 =X;

i\ S . = 3
L.’X." = -0

TIM tz i.o
TI = IlsiT3RL( C. C, TI i-)
X = O.C25-TI
PM = -0.*̂PU 15.r (0.025, X)
MSl=G.'.L5S(l,0.n,p1)
.J X1 = - ? 0 . C * X 1 - 2 C u 0 0. 0 * X 3 - 2
Cl = F.'T.’^L (0.0,f XI )
XI = L I v, I r (-7 . , 7 . ? , c 1 )
■JS2= ;A'. SS( 3, O.( ,P2 )
?x; =1 .C 5*xi-  1. 1 5*x t +|\'>2
X2= I <TG PL (C . 0, L'XE )
>J S 3 = <3 /X • I S3 ( 0. 0,01 )
L'X " =0AC 57d*X  1-0.03^-*X2-X

L ( 0.0, u X 3 ) 
S(7,C.C,?1) 
31' - X J-O. ^s,3*xz,-i

+ 20C00.C4-U + 0 S1

.1'309^X5 +\IS^

1-PM +335

n
+ 1 .230*(S5-K-H)

-X5H )

X4 H- 1 Z ? . 91 * X 5 H-0.13 5 9* Xr. H

H-0 . 1 33AX--X6H + 3 5

<2k+0
JX , :i)

Mio.e
J375*X1

DXZ.i)
-0.C375-X2H-X3H -4

X2:J = I x 
..ix :h=c 
y 3: i - i o 
l)X-,H = l-'. CO 3 Lr *X  "" H-0

I\Tl- 
u*u

Xl'.-l

ox 11-:=--- 
x]h=ivr 
dx;-h = i .

X 1H - 2COCO . 0*  X3H - 2CC00.0*  X- H + 2 OOO0 ."0* u +1

X ; H = - 0 . 2 5 ? * / 4 I ■ -0 
X5t'. = I -J r~ - L( ” .0 , DX 
0 XH= 3 7 7. c> x "I- + 0 . 
X6h= I H T Sr L ( 0.0 , f x'

JL'=I J TOOL ( 
J = J X+.IU

Tl‘ c3 0 • PEL=C .
PFIST JX,JL,J 
PPT^LOI XI 
P \1 PL nT X I h 
PFTPLuT X? 
p^rzior x2h

r. n,l 2)

1 , CUI D ” L - 0 1, F I \! T I= 5.0

PPI PLOT 
PRfPLOT 
? F. T P L U i 
pc 1 PLOT 
PP;PLOT 
PRTPLOT 
P.^T PLOT

X3 
X

X4h
X=i
X5H
X6

S5-X5H)

3.35*(35-<7H)

:H-7.9 7-*X^H

PRTPLOT

jTOP

X PH
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Computer Programs to Simulate the System 

with Stabilizers Type II,III,IV respecti

vely ( Nonlinear Model with Noise)
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INCON X5.'= »),X6' = 1,78323,Y1 =2.436565, ¥27 = 1. 3 23d
PARAMETER Pl = j»?30jl'"*,P2=3»'?00:iC-
PARAMETER TOO1=6.5,XE=1.0,E=1.3,TM=10.,D=2.5,X0=1.6,XQ=1.55,XCl=3.32

DYNAMIC
TIM=1, 
TI =INTJRL( 2. C,TIM)
X=C.225-TI
PM=- ,^»PULSE( . 25,X)
NS1=GAU3S( 1 , ?. • ,P1)
DXl=-5,..0*Xl-2.  ICC. :*X3-2C3CC.C*X4  +20-,0D. j*U  +NS1 +20?u0
C1=INTGRL( » ■. ,i)Xl) 
X1=LIMIT(-7,3,7,3,C1)
NS2=GALSS(3,0.
0X2=1.25«X1-1.

,P1)
25I'X2 +NS2

X2 = INT3RL( -.C,DX2)
NS3=GAUSS(5,0. , ,P1)
0X3=0. _ J75*X1--:375*X2-X3  +NS3
X3=INTCRL( » ,0X3)
EQ=((XE + XG)/(Xc: + XDlM*c01-(  (XQ-)CD1 )/(Xt + XCl ) )*E*C0S(X6)
EFi) = 2.^36565+X2
DY1=( L./TCtJl )*(  EF0-Y1)
Y1=INTGRL(Y1O,lY1)
DY2=( I. /Tuul )d ( ( X3-XD1 ) / ( XE + XQ) )*
Y2= INTGRL(Y2C,DY2)

(EQ-E*CCS  (X6) )-’Y2 )

EO1=Y1 -Y2
VQ=EQ1-XO1«I0 
vo=xn*iQ  
10=(EQ-E*COS(X6))/(XE+XQ)  
IQ = E-dI N(Xd) /(XE + XC)
PE=EQ*IQ
NS4=GAUSS(7, . ,91)
X4 = SQRT ( VD-’-VC + VG^VG ) +NS4
PA = “PE--0«X5+PM+ 3.5391
NS 5 = GAU SSI 9,0. ,Pl) 
PA1=PA/TM +NSO- 
X5=INTGRL(X5O,PA1) 
MS6=GAUSS(11,3.:,P1) 
0X6=3 77 ."VX5 +NS6 
X6 = INTGRL( XbO',DX6) 
NM1 = GAUSS( 1, ?. ,P2) 
NM2=-GAUSS ( 3, . , P2) 
NM3=GAUSS(5,0..,P2) 
NM4=GAUSS(7,C.3,P2) 
NM5=GAUSS(9,0.",P2) 
NM6=GAUSS(11,C,J,PZ)
51 =X1+NV1
52 =X2+NM2
53 =X3+NM3
54 =X4+NM4
55 =X5+NM5
56 =X6+NM6 
XIH = SI
X2H = S2-0.0

X6H=S6•1.78323
U=-1.995*X1H-1,2:2<X2H+ ‘.925*X3H-22. 545* X4H + 21. 568*  X5H-7.975*X6H

TIMER PPDEL=C 
PRTPLOT XI 
PRTPLOT X2 
PRTPLOT X3 
PRTPLOT X4 
PRTPLOT X5 
PRTPLOT X6

1 ,OUTJEL j.l,FINTIM= 5.0
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INC CN X5C = 0.0, <60=1.7 3?23, Y 10= ? .^36565, Y20=i . 302'301
PARAMETER P1 = 0. CC001 r,->2 =0.0CCO 10
P ARAME T ER TOO 1=6.5,XE = 1.0,- = 1.(',T1' = 10.,6 = P.=-, X i',= 1. 5 , X 0 - ’ . ■? c>, X r’1 = 0.32 

uYRA'ilC • '
TI ;-'. = l .0
TI=IAIT3RL(O.O,TIM)
X=0.025-TI
p:-/i = -O.A*D LlL5c(nio25,X)
OSi =GAUSS( 1,0.0 , Pl )
DX L = -50.0*X  1-20GCC. 0*  <3-2 0000. G*  <4 +20000.P + U +X'S1 +23000.0
01=IRTGPL(0.0,TXl)
X1 = LI Y, I T ( - 7.3,7.3 , C 1 )
N S 2 = G A11 5 5 ( 3,0.0 , ° 1 )
DX2=1.2d*x;-1.25*X2  +M>2
X2 = I MTGRL(0.(?,DX2)
NS3=G AilSS ( r , 0. i), Pl )
DX3=0.0375*Xl-3.03^5*X2-X3  +053
X3 = I NTG RL(0.0,0X3)
E0=( ( XF + Xg)/(X-_ + XD1) )*:-01-(  (XQ-XD1 )/(XE + XDL ) )-F*Cn5  (X5) 
cFD = 2.43^56i'. + X2
DY1 = (1 ./TDJ1 )-(EF0-Y1)
Y1 = I?JTURL(Y1 O,DY1 )
DY_=( 1. /TDiO 1 ) * ( (( Xo- <D1 )/( X2 +XL ))=.-• (

2Y2 )
E01=Y1-Y2

2 C- *COS(Xb))-Y2)

VD=E01-Xni*Io
V?= Xk * 11'
10=(20-3*005 (X6 ) )/(XE + XO)
IQ = F*SI  H X5) /( xE + Xi. ) 
PE=2C*IQ
’JS4 = GAUSS ( 7,0.0,Pl )
X4=s<j3r( vj-;=vi:+vL'*V!:)  +mS4 
3>a=-PF - )*  XE+pr + O. 3GC 391 
\,5 5 = GAl'SS (9, 0.0, Pl )
PAI =P A/TH +NS3
X 5= I N TG <L ( X-30, PAI ) 
NSo = 0AUSS( 11,0.0,2 1) 
0X3=3 77 .O*X5  + JS6
X6=INTGRL( X9^,l;X6) 
NR l = GAijSS ( 3, G.C,P1) 
S^Xl+GRl
NM2=GAUSS(5,n.n,pi)
S2= X2+'j7i2
DZ3= .0 1- .0 35*S2  + 10 . 99ovX3H+ 11. ) ?u-- <4H- 1 ’ . 99d*I  I
DZ4=-. 0 723--S1 + . dp-'- *S  2-3n . a 4*X  3 H-30.745*X4H-125  . ° 1 - < 5!. 1.? 2X . 
6H +30.442*0
DZ1 = . 00 168*51+  .0000 50*5  2+. 7 Gc*X3H+.  4 5*  X4 ,-f-O . 2 6*  X 5H -. 1 3 34 * X OH . .
-0.7056*0
D7 6=. 1 3 P5* 51 + . on 7^ j* S2 + 5 ?■. 7 7*X 3 H + r E . 77 :':X4 H + 377 . * Xr': i-17 3 . 7 *1 1
Z3=nTbnL(f?.0,uZ3)
Z4= l-JTGRL (0.0,tjZ4)
Z5=INTGPL(O.O,[,Z5)
Z6= 1NTGRL ( 0. 0, L?Z 6)
X3H=Z3+.0oCb*Sl+ .0012*5?
X4H=Z4-.00152*̂1-.00304=52
X5h=Z5+.000035*51+.000071*52
X6H=Z5+.00294*51+.0058-*52
0 = -l. 99 5*51-1. 202*32  +0.925 *X 3H-2 2.545*X4|  |+2 1. 5 6 3*X  50-7. ?7-*X6H

TIMER PRDEL=O 
PRTPLOT XI 
PRTPLOT X2 
PRTPLOT X3 
PRTPLOT X2>H 
PR1PLOT X4 
PRTPLOT X4H 
PRTPLOT X5 
PRTPLOT X5H 
PRTPLOT X6 
PR [PLOT X6H 

END 
STOP

1,OOTDEL = 0.1,FI,JTIM = 5.0
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E*COS(X5) )—YZ)r-Y2=(l./TDGl )*(  ( (X 
Y2 = I L ( Y2 0,l Y2 ) 
EQ1=Y1-Y2

DX1=O.C3 75*X1-C.C37:*X2-X3  +<;S3
X3=I >ITC PL ( 0. 0, L X3)
-c = ( ( X_ 4 X J ) / ( x_ + XD 1) ) *2C  l-( ( x<- XD1 ) /( X'c + XDl ) ) 
vFD=2.4 36 555 +X2
CY1=(1./TDjD’H EFD-Yl)

InCON X5C = 0.OtXc>O = 1. 783 23,YlC = 2.43.6ci65,YP0=1.3O2301 
Pl = O.CCOniC,pz = O.CCGC10'

PAr.AMtT £R T 0(31 = 6 ., X 3= 1 . 0 , •?= 1.0 , T>‘= 10 . , D= 2. 5, X j= 1. 6 , X( 
D Y \ A I C '

T I M = 1.0
T 1= P.'TGRL (0.0, f I ‘* )

P M = - 0.4 * p u L S E ( 0.0 2 5 , X)
.‘1S1 = GALSS( 1,0.0, Pl)
DX 1 =-50.0 *-<  1-/C 000.0*X3-20G  30.0*X4  +20000. C*U  +jSl +200 00.0
C1 = 1NTGPL(O.O,L'X1)
Xl=LIhlT(-7.3,7.?,01)
\IS2 = GA^SS(3,C.O,P1)
0X2 = 1 . 2 5*X1-1 .2 5^X2 +?JS2
X2= LsiTuPL ( 0.0, 2 X2)

vo= b<n-<oi*io
VD=XO*IQ
10= (3C-E*C.'3S(  X< ) ) /( XE + XO)
Iu=E*S  1 '• ( X j) /( XE+X'j ) 
PE=FC*IC
N S 4 =0 A U S S ( 7,0.0 , P1)
X4 = S0c< I CVD^VO + VO^Vi. ) +0S4
PA = -PE-J*X5+PP  + O . 305391 
'\|S5=G 1 uSS ( ,0.0 , Pl) 
PAi=PA/T.M +\-S5
X5= rJT.3RL ( X5C,P Al ) 
’\IS5=(;AuSS ( 11 ,0.0, Pl ) 
0X6= 3 77 . C*X5  +0 56 
X6= rvT<7»L ( XnO, r-Xn ) 
\M:;=GAu SS ( ^, n , n, p? ) 
S5 =X-+\M5
DX1P=-5O.C-*X  1H-20COO.Q*X3H-  2CC00. 0-X4H+ 20000. 0*  U +• 
X1H = I J30L(0.0,0X1H)
D X ^ ‘—, = 1.  5 v x 11 " — 1.2 d XH + 1. 2 3 c- * ( S 5 — X + -I)
x2H=rn ( o.o, ux’h)
0X3 F = 0.0 37 5*x1H-0 .33 7 5* X2H -X3H -4? 7.5 3*(S5-X5H )
X3H = I JTGRLM. 0,0X34)

X4k' + 21
PRTPLOT

DX4H=0.0431?*X2H-C,3O3*X4H-1?5.  91*X5H-C  
X4h= I’-JT GDL ( 0 .0, OX^H )
DX5H=-0.2 55* X4I .-0.2 5*X5H-0.1334*X6H  + 351
X5H = I*JT3RL(  0.0,DX5H)
0X5F=377.G*X5b+0.725*(55-X3H)
X6H=INIGRL(n.O,DX6H)
U = - 1.945*X1H-1 . 202*X2H  + n.9/E*X^H-2  .545 

0EL = 0.1, Oli rDEL = 0. 1, 01’411.'’= 5.0

PRTPLOT X1H
PPTPLOT X2

. V-T*  ( SO-aEH)

5 9.35*  ( 55-X-I- )

X4p-7. Q7 5*X-.H

PR!PLOT 
PRTPLOr 
PRTPLOT 
PRTPLOT 
PRTPLOT 
PR.l PLOT 
RRTPLOT 
PRTPLOT 
PRTPLOT 

5 40 
STOP

X2H 
X3 
X3H 
X4 
X4H 
X5
X5H 
X6 
X6h


