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ABSTRACT 

An investigation has been carried out into methods of represen-

ting synchronous machines in stability studies. Methods of improving 

the steady-state stability have also been studied. 

Different types of large transient disturbances are analysed 

and the methods of analyses are classified according to the assump-

tions made. Mathematical models are developed to include some of 

the phenomena commonly neglected in digital computer studies. Damping 

is allowed for more accurately than by the simple method using a 

torque proportional to slip. An even more accurate solution also 

includes terms .which depend on the rate of change of the flux linkages 

and it is used to assess in detail the "back-swing" after a three. 

phase fault. A comparative study is made of various numerical inte-

gration techniques suitable for a digital computer. 

Steady-state stability studies of a machine with two field 

windings are carried out bylinearising the system equations for 

small disturbances and using Nyquist's criterion. The excitation of 

the one winding is regulated by a rotor angle feedback signal and 

that of the other winding by a voltagefeedback signal. Various 

regulators are considered with different transfer functions. 

Transient and steady-state stability calculations are compared 

with test results of 	a 30 NW turbo-alternator incorporating voltage 

regulators and a oovernor, as well as with test results obtained 

from micro-machine experiments. All the experimental and theoretical 

results show reasonable agreement. 



hCKNOULCDGEMENTS  

The work presented in this thesis was carried out under the 

supervision of Dr. 0. Adkins, h.A., D.Sc.(Eng.), F.I.E.E., of the 

Electrical Engineering Department, Imperial College of Science and 

Technology, London. I wish to thank Dr. Adkins for his helpful 

guidance and constant encouragement. 

I also wich to thank Messrs. B. Standley and J. Soper from 

the Central Electricity Generating Board, South Eastern Region, 

Cockfosters, for valuable discussions. 

Financial assistance from the Central Electricity Generating 

Board (London), the Metal Box Co. Ltd. (S.A.), The Council for 

Scientific and Industrial Research of South Africa and The Electricity 

Supply Commission of South Africa, and temporary study leave from 

the University of Pretoria,,, Republic of South Africa, are gratefully 

acknowledged, I am also very grateful for the use of the micro-ma-

chine equipment and the IBM-computers at Imperial College and the 

CDC-computer at the University of London. 

Finally, I would like to thank my wife June for her most loyal 

support, as well as all those individuals who have contributed, di-

rectly or indirectly, to the success of this venture. 



4 

INDEX  

Abstract 

Acknowledgements 

List of symbols 

PART ONE; GENERAL ASPECTS OF TRANSIENT STABILITY  

CHAPTER 1 	INTRODUCTION 	 13 

1.1 General 	 13 

1.2 Verification of Theories 	 16 

1.3 New Formulations and Conclusions 	17 

1.4 Previously Published Material 	 18 

CHAPTER 2 CLASSIFICATION OF TRANSIENT DISTURBANCES 	19 

2.1 Various Types of Disturbances 	 19 

2.2 Basic System, Assumptions and Equations 	22 

2.3 Analyses of Disturbances 	 27 

2.3.1 Switching in additional tie-line reactance 	27 

2.3.2 A change in the excitation voltage 	36 

2.3.3 Change in prime mover output 	40 

2.3.4 A symmetrical short-circuit 	43 

2.3.4.1 The single transmission line 	43 

2.3.4.2 The twin transmission line 	43 

2.4 Comparison of Various Disturbances 	50 

CHAPTER 3 	CLASSIFICATION OF METHODS OF SOLUTION 	53 

3.1 Methods using Torque-angle Characteristics 	53 

3.2 Methods using a Step-by-stop Computation 	53 

3.3 Lyapunov's Method 	 56 

3.4 Choice of Method of Representation 	56 



PART TWO2 MORE ACCURA!E METHODS OF SOLUTION AND  

COMPARISONS  WITH TEST RESULTS OF A THREE-PHASE FAULT 

CHAPTER 4 THEORY OF MORE ACCURATE METHODS 	59 

4.1 General 	 59 

4.2 Alternator Equations and Methods of Solution 	63 

4.2.1 Standard method 	 64 

4.2.2 Approximate method 	 65 

4.2.3 Accurate method 	 68 

CHAPTER 5 EQUIPMENT USED FOR TESTS 	 71 

5.1 General 	 71 

5.2 A Large Practical System 	 71 

5.2.1 The alternator 	 71 

5.2.2 The voltage regulator 	 73 

5.2.3 The governor and turbine 	 78 

5.2.4 The tie-line impedance 	 80 

5.3 A Micro-machine System 	 81 

5.3.1 The alternator 	 81 

5.3.2 The time constant regulator 	 86 

5.3.3 The prime mover torque-speed characteristic 	86 

5.3.4 The tie-line impedance 	 88 

CHAPTER 6 	COMPARISON OF CALCULATED AND TEST RESULTS 	90 

6.1 General 	 90 

6.2 Results of a Large System (Goldington) 	90 

6.2.1 Three-phase short-circuit at rated load 	91 

6.2.2 Three-phase short-circuit at various system conditions 93 

6.2.3 Detailed assessment of the back swing 
	

95 

6.3 Results for a Micro-machine System 
	

96 



6 

CHAPTER 7 NUMERICAL INTEGRATI9N TECHNIQUES 	112 

7.1 General 	 112 

7.2 Methods of solution for the Goldington System 	113 

7.2.1 The approximate method 	 113 

7.2.2 The accurate method 	 114 

7.3 The Micro-machine System 	 117 

7.3.1 The approximate method 	 117 

7.3.2 The accurate method 	 118 

7.4 Resume or integration methods and arrangements 	123 

PART THREE 	STABILITY PROBLEMS OF A SYNCHRONOUS  MACHINE 

WITH A DIVIDED WINDING ROTOR  

CHAPTER 8 CALCULATIJNS OF TRrNSIENT STABILITY 	126 

8.1 Introduction 	 126 

0.2 Transformations for the Field Windings 	128 

8.2.1 The current transformations 	 132 

8.2.2 The voltaoe transformations 	 133 

8.3 Gener. 1 Equations for 	the D.W.R. Machine 	134 

8.3.1 Basic equations 	 134 

8.3.2 Equivalent circuits end operational impedances 	135 

8.3.3 Fundamental machine constants 	 137 

8.4 Parameters of the Fictitious Field Windings 	138 

8.5 Equations for a Transient Disturbance 	140 

8.5.1 The approximate method 	 140 

0.5.2 The accurate method 	 144 

8.6 Calculated Results of a Fault on a Large System 	145 

0,6.1 System details 	 146 

0,6.2 Results for a three-phase short-circuit 	152 



7 

CHAPTER 9 	STEADY-STATE STABILITY THEORY OF D.W.R. REGULATION 

9.1 General 	 159 

9.2 System Equations 	 160 

9.2.1 The machine equations 	 161 

9.2.2 Expressions for the feedback quantities 	166 

9.2.3 The open-loop transfer function 	170 

9.3. Equilibrium Diagrams. 	 171 

9.4 Steady-state Stability of a D.W.R. Micro-machine 	175 

9.4.1 Proportionate bus angle regulator only 	177 

9.4.1.1 Bus angle 6 held at 33.75° 	 179 

9.4.1.2 Bus angle b held at 0° 	 180 

9.4.1.3 Bus angle 6 held at 66.25° 	 184 

9.4.1.4 Bus angle 6 held at 90° 	 185 

9.4.2 Proportionate terminal angle regulator only. 	185 

9.4.2.1 The effect of different values of 6
t 
	190 

9.4.2.2 The effect of additional tie-line reactance 	192 

9.4.3 Comparison of d.w.r.- and q.a.r.-system results 	192 

9.4.4 Proportionate voltage regulator only. 	192 

9.4.5 Proportionate angle regulator and proportionate 

voltage regulator 	 197 

9.4.6 Derivative angle regulator and proportionate 

voltage regulator 
	 201 

CHAPTER 10 	THE D.W.R. MICRO-MACHINE EQUIPMENT 
	

204 

10.1 The Micro-alternator 
	 204 

10.1.1 Connection of field windings 
	 205 

10.1.2 Determination of parameters 
	 209 

10.1.3 Comparison with large machines 
	213 



8 

10.2 The Prime Mover 	 214 

10.3 Feedback Signals 	 214 

10.3.1 The angle fepdback signal 	 214 

10.3.1.1 The angle device 	 215 

10.3.1.2 The filter units 	 223 

10.3.2 The voltage feedback signal 	 227 

10.4 The Regulators and Associated Circuitry 	228 

10.4.1 The angle regulator 	 226 

10.4.2 The voltage regulator 	 232 

CHAPTER 11 	COMPARISON OF MEASUREMENTS AND COMPUTUIONS 
	

234 

11.1 General 	 234 

11.2 The Stability Code 	 234 

11.3 The Regulator Constants 	 236 

11.3.1 The angle regulator gain Kt 	 236 

11.3.2 The voltage regulator gain Kr 	 236 

11.4 Starting of the System 	 237 

11.5 Steady-state Stability Limit Curves for Proportionate 

Bus Angle Regulator 
	

238 

11.6 Steady-state Stability Limit Curves for Proportionate 

Terminal Angle Regulator 
	

239 

11.7 Steady-state Stability Limit Curves for Proportionate 

Terminal Angle Regulator and Proportionate Voltage 

Regulator 
	

239 

11.8 Steady-state Stability Limit Curves for Derivative 

Terminal Angle Regulator and Proportionate Voltage 

Regulator 
	

240 

CHAPTER 12 CONCLUSIONS 
	

247 

APPENDICES 
	

253 

REFERENCES 
	

265 



9 

LIST  OF SYMBOLS 

Unless otherwise stated, the axis quantities are represented by 

small letters, whereas their corresponding R.M.S. values are 

represented by capital letters. The symbols represent the per unit 

values in accordance with reference 22. 

vd, vq 	d- and q-axis components of voltage 

i
d' 

iq 	o d- and q-axis components of current 

vt, v
r 	t- and r-winding voltages 

vfd, vfq 	o d- and q-axis field voltages 

v
mt
(V

mt
) 	2 machine terminal voltage 

vb(Vb) 	: infinite bus voltage 

r
a 	

f-rmrturr resistance 

d- and q-axis field resistances rfd, rfd  

T
o 	

: electromagnetic torque 

loss torque 

acc 	
accellerating torque 

: turbine output torque T
in

, T
m 

P
s 	: steam input power to turbine 

P
in 

: turbine output power 

P, Q 	: active- and reactive power at the generator 

: active- and reactive power at the infinite bus P
o
, Q

o  

O 	; polar moment of inertia 

H 	inertia constant 

X
2 	

f transmission line reactance 

: total tie-line reactance X
c
, X

T 

operator 
dt 

S 	: slip 
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Laplace operator 

L 	Laplace sign 

K
t' 

K
r 

Ht(P), Hr(P) 

KK 
t min' t max  

: angle- and voltage regulator gains 

angle- and voltage regulator tratisr.er functions 

minimum and maximum angle regulator gains 

X
a 	armature leakagd reactance 

X
md' 

X
mq 

Xd, X
q 

Xfd, X
fq 

L
fd' 

L
fq 

L
ffd' 

L
ffq 	

complete self-inductance of d- and q-axis field 

X
kg, xkq 
	d- and q-axis damper leakage ractanco 

L
kd 	

L
kq 
	

d- and q-axis damper leakage inductance 

L
kkd' Lkkq 	

complete self-inductance of d- and q-axis damper 
winding 

complete self-inductance of d- and q-axis armature L
dd 

L
clq 

winding 

X
d
(p), X

q
(p) 	e d- and q-axis operational reactances 

f'fd 	
d-axis field flux linkage 

Tfq 	
q-axis field flux linkage 

T
kd' 'kq 	

d- and q-axis damper flux linkage 

T
d' 
7
q 	

d- and q-axis armature flux linkage 

d- and q-axis magnetising reactance 

d- and q-axis synchronous reactance 

d- and q-axis field leakage reactance 

d- and q-axis field leakage inductance 

winding 
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At 	time step of integration 

rotor angle with reference to the infinite bus 

bf 
	value of b at the instant of fault removal 

bt 
	rotor angle with reference to the terminal voltage 

st 
	

angle between t-winding and the d-axis 

°r 
	angle between r-winding and the d-axis 

flux linkage 

synchronous speed in rad/sec. 

rotor speed in rad/sec. 

tit 	 o time delay of the angle regulator 

r 
	 time delay of the volta -; e regulator 

w
n 
	: natural frequency of the closed loop system 

w 
	

frequency of small oscillations 

CR 	ratio of computer time to real time 

DE 	differential equation 

IV's 	: integrable variables 

NIV's 	: non-integrable variables 

IR 	: integration routine 

c.w.r.(C.Ui.R) 	o conventionally wound rotor 

: divided winding rotor 

q,a.r. 	quedrature-axis regulated 

t.c.r. 	n time constant regulator 

a.v.r. 	o automatic voltage regulator 

subscript to denote steady-state value 
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CHAPTER 1 

1. 	INTRODUCTION  

1.1 General  

The operation of a synchronous generator in a power system is 

severely 
	

limited by considerations of stability, particularly at 

leading power factors. The problem has been more acute in recent 

years because or the charging current taken by high voltage trans-

mission lines and because modern venerators have higher reactances 

and lower inertia constants. On the other hand the range of stable 

operation can be extended by the use of continuously acting excita-

tion regulators. All these factors make it necessary to have 

more accurate methods than hitherto for calculating where the limit 

of stability lies and how to improve it where possible. 

A power system containing machines is en inherently non-linear 

system. Its stability may be endangered by two types of dis-

tubances viz. a smell disturbance or a large one. Studies con-

cerned with the first type deal with steady-state stability while the 

larger disturbances are studied as transient stability problems. 

This thesis is concerned with the transient stability of a synchro-

nous machine with one field winding on the rotor d-axis, referred 

to as a "conventionally wound rotor" (c.w.r.) machine, 	The 

steady-state and transient stability of a synchronous machine with 

two displaced field windings, _referred to as a "divided winding 

rotor" (d.w.r.) machine, is also considered. 

For steady-state stability the differential equations can be 

linearised for small disturbances and tested for stability by es-

tablished criteria. However, a system is regarded as transiently 
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stable if after a large disturbance synchronism is not lost. This 

definition has boon used by most authors although the limit of 

transient stability may differ for each type of disturbance. 

Conditions of pole sliprdng and asynchronous operation are excluded 

from this definition 	The differential equations are solved by 

using step-by-step integration methods involving laborious and 

repetitive cal,lulations which are ideally uited for a digital 

computer. 	In addition more complicatow and accurate machine 

representations are possible on modern computers and the number 

of machines that can be included in a system study is limited only 

by the capacity of the computer. Comparative results about the 

speed and accuracy of different numerical integration methods are 

presented. 

fiothods of representing a c.w.r. machine and solving the 

equations, are classified according to the asaumptions made, :7.nd 

some views are presented about their application. In Ref. 1 

Heaviside's theory is applied to a "simplified representation" and 

one type of disturbance is studied. In this thesis the Laplace 

transforms are applied to the same representation in order to in-

vestigate the same type of disturbance as well as others. Expres-

sions are found and com:ared for the transient electrical torques 

after different disturbances. 

Two methods which are more accurate than the simplified re-

presentation ore developed for a c.w.r. - as well as a dow.r. 

machine. The "approximate method" makes full allowance for dam-

ping and system resistance and subtransient saliency and variations 

in the speed, but neglects the changes in flux linkages represented 

by pTd  and pT . The "accurate method", however, accounts for 
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pT
d 

and pTq  as well. The accurate method is used to study in 

detail the angular back swing or retardation which can be caused 

by a three-phase short-circuit. 	Although not considered here, 

the accurate method is also essential to investigate the behaviour 

of a rectifier excitation system during any transient condition 

when the field current falls to zero. 

The steady-state stability limits of c.w.r. machines with 

different typos of regulators, hove barn tested and calculated 

extensively2,3 and it has been shown
4 

that under light load 

conditions there are stability limitations which cannot be overcome 

by any regulator on a c.w.r. machine. However, the limitation 

can be overcome by using a second rotor winding whose M.M.F. is 

controlled in a suitable manner '5 
	

Hence the divided winding rotor 

machine hos a feedback control to each field winding. Permitting 

certain assumptions, it is proved that a suitable choice of the 

d.w.r. feedback signals will enable the current in one field winding 

(the "torque winding") to control the machine's electrical torque, 

independent of the current in the other field winding (the "reactive 

winding") which can be used to control the reactive power only. 

The d.w.r. system improves the steady-state stability ever the whole 

range from no-load to full-load by an amount which depends on the 

transfer functions of the feedback regulators. 

A "transformation matrix" is derived and used to replace, mathe-

matically, torque- and reactive windings (t and r- windings) which 

are not on the main magnetic axes, by Fictitious field windings 

fd and fq on the d and q- axes. Stability studies ere made as-

if the machine has two input field voltages vfd  and vfq 
while  

the transformation matrix is regarded as part o;' the feedback regu— 
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lators. The steady-state stability limit is found for dif-

ferent regulator- and system paraMeters to establish the influence 

of one feedback 'loop upon the other. 

PARTS ONE and TWO of the thesis describe the different 

transient disturbances and methods of representing the c.w.r machine 

with particular interest in the three-phase fault. PART THREE 

investigates the steady-state and transient stability of a d.w.r. 

machine with particular reference to the regulator feedback loops. 

1.2 	Verification of Theories  

In the development of any machine theory it is necessary to 

verify the validity of the theory for practical use, by comparison 

with practical tests carried out on a number of machines of dif-

ferent size. It is difficult and expensive to carry out tests on 

full size ,Tiachinos to prove the accuracy of the theory and it 

is therefore necessary to resort to model machines.' Micro-machines 

have been designee specifically for this purpose and although not 

perfect, behave in a similar mannel to large machines. With the 

exception of a few parameters, the per unit values are similar 

to those of full size commerical machines. The field resistance 

can be reduced as required by means of suitable control equipment. 

The steady-state any' transient stability theories were verified 

by measurements on a c.w.r. and a d.w.r. micro-machine. Transient 

stability calculations were also compared with test results and 

analogue computations
6 for a 30 MW c.w.r. turbo-alternator as 

well as with analogue computations
5 for a hypothetical 30 MW d.w.r. 

turbo-alternator. 
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1.3 New Formulations and Conclusions 

Some important new formulations and conclusions, most of which 

have been con;irmed experimentally, are summerizd as follows. 

(a) The expressions for the transient electrical torque show 

three familiar torque components which are common to the large 

disturbances analysed. ' 

(b) The development of more general machine equations which allow 

for damping as well as for the plY
d 

and pT terms. The error due to 
q 

neelect of the WI' terms in the analysis of a three-phase fault is 

shown with particular reference to the braking torque and 'Mack 

swing" of the rotor. 

(c) A novel arrangement is shown of the system equations when 

they are solved by a fifth order integration routine on a digital 

computer. 

(d) The theory of a d.w.r. machine is developed and a transfor-

mation matrix is found so that the d.w.r. may mathematically be 

treated es a machine with a field winding on each axis. 

(e) A complete transfer function for a d.w.r. machine with a 

control loop to each field winding is developed and rearranged for 

ease of use of the Nyquist criterion. 

(f) The control signals of a d.w.r. machine arc studied in order 

to find a maximum steady-state operating region and to determine 

the effect of gains and time delays of the individual control loops. 

(g) Results from a digital computer calculation are presented 

for a three-phase short-circuit when the Or
d 

and pTe  terms are 

retained in the equations of a d.w.r..turboalternator with a com-

posit° representation of, the turbine and governor, the angle regu-

lator feedback and the voltage regulator feedback. 
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1.4 Previously Published  Material  

During the last five years the author of this thesis has 

published several papers
7,0,9 

on the subject of synchronous machine 

stability. Reference 9 was based on the earlier part of the thesis. 

---o0o--- 
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CHAPTER 2 

2. CLASSIFICATION OF TRANSIENT DISTURBANCES 

Different types of largo disturbances have beon considered by 

various authors who studied the transient stability of synchronous 

machines and used various methods of analysis. This Chapter presents 

a survey of various disturbances, and it analyses and compares the 

effects of some 'disturbances on the electrical torque of the machine. 

2.1 	Various Types of Disturbances  

A literature survey showed that as early as 1929 Park and 

Banker
10 

reviewed the stability problem in 'the light of recent 

analytical and experimental studies' accounting for such factors as 

the short-circuit ratio, voltage regulators, excitation systems, 

neutral impedance, governors and damper windings, in a two machine 

as well as a multi-machine system. This paper was written very 

clearly and is a starting point for almost any study on power system 

stability. The disturbances considered included sudden application of 

load on the alternator, opening one of two parallel lines and a short-

circuit along a transmission line. Solutions for simple representa-

tions were obtained by means of the equal area criterion. When 

considering features such as saliency, flux decrement, damper windings 

and regulators, a step-by-step method of solution was used. 

In 1932 Crary and Waring
11 set out to establish general equations 

from which may be derived specific equations applying to a particular 

disturbance such as changes in excitation voltage, in external re-

actance and in system voltage. They provided a step-by-step method 
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for calculating the electrical torque at any time of a machine 

having any number of rotor circuits. Of particular importance was 

the recognition of unidirectional components of torque developed 

when a symmetrical three phase short circuit occurred. 

Ching and Adkins12  considered disturbances incorporating the 

line-to-line, the line-to-neutral and the double line-to-neutral fault. 

In 1959 Aldred and Shackshaft
13 

considered a sudden change in 

prime mover shaft torque and used an analogue computer to solve the 

non-linear equations. Already an attempt was being made to find 

a relationship between the steady state stability limit and the 

transient limit, this being in the form of a new set of 'voltage-ex-

citation' characteristics for predetermination of swing curves for 

a machine with a regulator. The papor 	also presented comprehensive 

results on the relationship between the regulator gain and time 

constant. For the first time then a signal from within the alternator 

was fed back, in this case the derivative of the field current, which 

improved the alternator response. The regulator feedback singnals 

gave a damping effect which might have outweighed the effect of any 

damper winding. 

The performance of a regulator incorporating a voltage signal 

plus a rotor angle signal was described in 1960 by Easton
14 

et. al. 

in which the transient consisted of a change in the regulator's re-

ference setting. Although relatively small disturbances were used 

on linearised equations, the main feature of this paper was the useful 

practical regulator date presented. 

11ehta and Adkins' in 1960 succeeded mathematically in presenting 
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the various components of electrical torque, following a change in 

tie-line reactance, in a form which made it possible to relate the 

components physically to the machine behaviour. They also investigated 

the unidirectional torque after a three phase fault. Experimental 

results on micro-machines reasonably confirmed their predictions which 

made this paper one of the few in which predictions were corroborated 

by experimental results. 

Shackshaft
6 

followed in 1963 with a composite mathematical 

representation of a typical large 30 MW alternator as well as the 

analogue computer prediction of full scale grid tests including 

a threr- phase short circuit. 

In 1968 the names of Surana and Hariharan
15 

appear in the 

literature where they show that some regulator parameters that give 

optimum steady state stability do not necessarily also provide optimum 

transient .stability. 

The authors mentioned and many others have considered one or 

more of the following large disturbances2- 

change in the transmission line configuration '
1011 

9
13 
'
16 

increasing the load of a synchronous motor 
 

symmetrical short circuit along a 

transmission li
ne1,6,10,11,13,16 - 21. 

changing the excitation voltage
6,10,11,14. 

unsymmetrical short circuits
12
'
21 

sudden change in electrical load
6,13,17,18. 

sudden change in prime mover torque
13,15 

The rest of this chapter investigates different types of distur-

bances and compares the transient electrical torque after each 
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disturbance. The disturbance considered in detail in the rest of the 

thesis is a three-phase short-circuit. 

2.2 	Basic System, Assumptions and Equations  

It is assumed that the system can be represented by a single 

alternator connected through a transformer and a transmission line 

(single or twin) to an infinite bus bar as in Fig. 2.1. This relative-

ly simple model is used on order to keep the mathematicsmanageable and 

the results understandable. The effects of saturation, eddy currents 

and hysteresis are neglected throughout the thesis. The motoring 

sign convention of Adkins
22 
 is followed. 

    

..., ------- -1 	
7.-------„,\ 

T' 	

alter- \ r;
nator turb . -\-- 

/
-------( 

\ 	Rl' 

   

tie-line 

R2, X2 

 

bus 

 

  

   

     

Fig. 2.1 Basic system  

According to the "generalized machine theory"
22

, the equations for 

the two-axis representation of the synchronous machine in Fig. 2.2, 

are (using Heaviside's notation) 
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KQ 	 11
kg 

Fig. 

v
d 

vq  

0 

0 

o
f 

T
d 

Tq  

Ykd 

Tkq 

Tf  

2.2 	Two axis representation of a three phase synchrous machine 

= pIrd 	vYq 	raid 

=-vTd + pTq  + raiq 

= rkdkd + pTkd 

= rkqkq + kg 

= rfif + pTf 

for voltages, 	and 

=Lddid + Lmdikd + 

=Lqqq + Lmqikq 

= Lmdid 4-Lkkdikd 

= Lmqq +Lkkqikq 

= Lmdid  + Lmdikd 

Lmdif 

Lmdif 

Lffdif 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

(2.10) 
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for the flux linkages, and 

Te 	2. (Tdig 	Tgid) 
	

(2.11) 

for the electromagnetic torque. 

Apart form additonal equations describing the behaviour of 

regulators, turbines and governors, the equations for mechanital 

motion and for the transmission network also have to be solved. 

During steady state conditions, the generator voltages may be 

represented by the phasor diagram of Fig. 2.3. 

Fig. 2.3 	Phasor  diagram for generator steady state conditions  

allowing for transient saliency  

Now Eqns. (2.1),(2.2) and (2.11) are non-linear and can be 

solved only by means of a numerical method. However, in these 

equations the speed may be replaced by the rotor angle 8,  and if 

,5 were a known function of time, it would be possible to determine the 
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and ~ by solving
q

<3 S G t 0 f lin C 2 r 0 quD t ionsin whi c h t h 8 a Pf' 1i 0 d v (J 1 tag os d c: p 0 nc! en 6 <

Hour ove r , 6 is us uoLly not known and a mot.ho d for solving tho

rn ac hi.n a cquc t i.nn s consists of

(8) obtnining Q 98ncr~l expression for tho oletric8l torquG T
o

in torms of 0 9 then

(b) writing the uquations for moch2nical motion and accelerating

torquo? with or without damping? whilo finally

(c) integrating the [qn. in (b) by 3 step-by-step process to

obtnin the vnrintion of 6 2nd T
G

computing aid is necessary.

88 functions ~f time. A fast

The abovo method gives D result 8onowhcre botwoon a strict analytical

solution nnd a strict computer solution 8nd thus pormits somo in-

sight into tho physical bohaviour of tho alternator. The various

disturbancos considerod aro compared only as reg2rds thoir rol2tiv8

eloctrical torquDs T
D

ob t :1 i n 8 din (3). 1,1 uc h 0 f the f 0 un d 8 t ion for

this comparison was laid by Rofs. I and 11.

Tho position of D synchronously rotating axis with respect

to a ~ixod reference point is tak8n as on ongle w t radians 9 and

with varying spoed tho position of tho nltorn2tor rotor with respect

to tho samo reforonca point is B whore B = w t - 6 frQm which

tho speed dB
p9 pb. Thus e is the anglo botween tho

dt = v = = w -
rotor and 8 synchronously rotating r8fcrencG framo. For a sinusoidal-

ly Qppliod terminal phase voltago

v = - V sin wt 9 Eqns. (2.1) and (202) bucomo
a m

'v d = V sino = p'Y + w'1' + r i - \f po (2.12)
m d q [l d q

v = - V cos6 = - w\f + p~ + r i + ~dP6 (2.13)
q rn d q q q
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It is assumed in the remainder of Chaper 2, 

(i) that the transmission line and machine resistance voltage drops 

are negligible with respect to rotational voltages; 

(ii) that during transient conditions the flux linkages change re-

latively slowly with tbspect to the supply frequency so that the 

pTd  and p'1' 9 terms in Eqns.(2.12) and (2.13) may be neglected and 

(iii) that the speed remains close to synchronous speed and changes 

slowly so that the pb terms may be neglected as well. 

From Eqns. (2.12) and (2.13) we then find 

Vsine) = OF m  
q 

V
m
cosb = WI

d 
during a transient. 

V
m 	

w W 

sine) 	v
d 

	

Therefore T
9 
 = 	= --- 	 (2.14) 

Vcosb 	-v 
and 	T

d 
= 	m 

w 	w 
_ ____g. 	 (2.15) 

During steady operation, denoted by subscript o, 

V
m
sinb 

o  
o Tq _ 

Co 

V cosS 
m 	o T

do 
- 

W 

From the phasor diagram in Fig. 2.3 and using the relations
22 

between 

axis and phasor quantities it is seen that 

-12-  i
do 	X 

_ — . (V
o
- Vcosb o ) 

d 
 

fi V sine)o iqo = X 
9 
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2.3 	Analyses'of Disturbances  

2.3.1 	Switching in additional tie-line reactance  

Switching out one of two twin lines has an effect similar to a 

sudden increase of the tie-line reactance and this can be modelled 

analytically by having an external reactance Xe  suddenly switched 

into the equivalent circuits of the direct and quadrature axis re-

spectively. Inserting the reactance X
e 
may be treated as opening a 

normally closed switch S1 across an inductance L
e in the equivalent 

axis circuit of Fig. 2.4. By superposition, the effect of opening 

S1 may first be found and the resultant changes added to the steady 

state values. 

The combination of the machine and the external reactance can 

be treated as a modified alternator having a leakage reactance 

X
a 

+ X
e 

= co(L
a 

+ L
e). The Td 

and Tq 	equations for such a modified 

alternator connected to a fixed supply U are found from Eqns. (2.6) 

and (2.7) as 

Si 
	---" ._ 

! 	
I 
1 

1 	 n 	(--' 
sLe 	

,,, 
L s a 

1 

kd 	‹- 
r 
 f 

sT
d
=-sv

q/w 
	machine 

sL
md 
	 kd 
	

sL fd 

Fig. 2.4 The d-axis circuit for changes only. 

1 
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T
de 	

(L
md + La + Le) id  + Lmdikd 	Lmdif 

(2.18) 
T
qe 	

(L
mq 

+ L
a + Le)iq 

+ L
mqkq 

while the voltage Eqns. (2.12) and (2.13) become 

v,oe . V 
m  sinb = pTde  + wTqe +raid -T  qepb 

(2.19) 
v
qe

= V
m
coso = 	011

de 
+

qe + raiq + Tdepb 

where V
m is the amplitude of the constant infinite bus voltage. 

The synchronous reactance of the modified alternator becomes 

) 
Xde = w(Lmd  + La + Le) ) 

) 
Xqe = w(Lmq + La + Le) 

(2.20) 

and likewise for the modified transient and subtransient reactances. 

The equations (2.14) and (2.15) become 

WT
qe  = Vm

sinb = v
de 
	 (2.21) 

OFde = V mcost) = vqe 
	 (2.22) 

for the modified flux linkages. 

During steady operation the equations for the flux linkages and 

currents are 

wT
gee 

Vsinb 

	

m 	o 

011
deo =  Vmcosbo 

(V0  - Vcos45 0) i 
do 	X

de 

Vsinbe  
i - qo X

qe 

(2.23) 

(2.24) 

(2.25) 

(2.26) 

where v
de' 

v
qe Tde 

and  Tqe are associated with the voltage at the 
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infinite bus which has now become the terminal voltage of the modi-

fied alternator. 

In Laplace notation 's' corresponds to 'p' 	in Heaviside's  

notation. 	By opening Si, a current step - ide  is injected throug Si. 

Since the value of v
qe 

does not stay constant once b starts changing, 

the input of Fig. 2.4 connot be regarded as short circuited for the 

analysis of changes only. 

When L
e 
is switched in, the speed changes and El increases 

causing vqe and Tdo to decrease and consequently id. 

The change in v
qe is (in Laplace transform) 

Av cle(s) = - V 	/ (cos,5 	cos6 ) 
m  

(2.27) 

The current step becomes do)s 	in the Laplace domain and may be 

replaced by an equivalent voltage source in series with Le. Fig. 2.4 

then becomes Fig. 2.5 

17cm 

sL 

input 
impedance 

sL
e 	a 

-----"( 
-) sL md 

r 
kd 

..., 
) sL kd 

r f 

)sL 
fd 

...) 	-,1  

1 

Fig. 2.5 The d-axis circuit for changes only  
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The operational input impedance in Fig. 2.5 is 

s Xdo(s) 
Zde(s) = 	 

The transform of the change in d-axis current is 

i
do

X
e N. 	1  

Aid(s) = (- 	( cosb - cosbo ) + I Xde(s)  

After the change the transformed direct axis current becomes 

id(s)  = i
do 
s 	61d(s)  

ido -- (-V 	
idoXe  ). 	 

= 	i(cosb 	cosb )+ m 	 X  de(s)  

Likewise it can be chown that 

i (s) = —22  + (V i(sinb 	sinb )- i 	
Xe ) 	1  

q 	 0 	qo -- s 	Xqe(s) 

(2.28) 

(2.29) 

Now Tde and T 	are simple functions (Eqns.(2.21) and (2.22)) of 
go 

the 6, but the currents (Eqns. (2.28) and (2.29)) are in Laplace 

form and have to be inversely, transformed into the time domain before 

Te can be calculated. 

Putting 1/Xcle(s) and 1/Xcle(s) into partial 	fractions, 

Eqn. (2.28) becomes 

id(s) = ido 	A 	 010 idl(s) 	) - 
s 	X'de 	 ) 

) 
1 N 	1 	 ) + A (xj;

de  - Xde
) • 	(1 + sT' ) 	

410 	i
d2
(s) 	

) de 
) 

sT" 
- 	 ••••••• 	

1 	 de  
A 

'd3(s)  X' ) .(1 + sTd" ) de 	de 	e 

(2.30) 
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42 V cos% i
doXe where A = - VT 	V 	(cosh) + 	 

and Eqn. (2.29) becomes 

(s) = -22
X 	 iql(s) qe 

+ 0 

	

	 iq2(s) 

sT" 
i
q3
(s) B( 	Xqe ) • (1 	sT" ) qe 	go 

(2.31) 

where B = VT . V r(sinb) - 42-  V sinb 	i X o 	qoe 

    

The current components i
dl' 'd2' id3' etc can now be inversely trans-

formed and, corresponding to each pair of currents (idl' iql),  

(id2' iq2) etc. 	Eqn. (2.11) for the electrical torque yields cor-

responding torque components. 

First torque component  

Previous literature1'11 has used Heaviside's calculus which 

yields basically the same results although approached and solved in 

a somewhat different form. 

Standard transforms may be used for the inverse Laplace trans- 

formations of i
dl(s) and 	iql(s). Therefore from Eqn. (2.30) 

42- 	 ' VT
X 
 . V cosh 	 d idl(t) - 	 (2.32) ' 	X' 

V cosbo + i 

	Xd do.  X' de 	de 	e 

From the phasor diagram in Fig. 2.3 

ido X' = - VT 	V'
o 
 + VT . V cosbo 	

(2.33) d 	g 

and after substituting this expression into equation (2.32) it is 



found that 

1/7 
dl(t) = - X 	q (V 1 o  - V cosh) '  do 

sinb Likewise iql (t) = Xcle 

32 

(2.34) 

(2.35) 

The torque component corresponding to idl 
 and qi 

 is 
 

found from 

Eqns. (2.11),(2.21),(2.22),(2.34) and (2.35) as 

VVI 
_—R2 • sinb 	V7 f  1  

T - Tel 	XI 	2 'X' 	- x
qe

) . sin2b 
de 	de 

(2.36) 

Second torque component  

Since iq2 
= 0, the second torque component is a function of 

id2 only. 

-Vid2 
Te2 	sinb 	 (2.37) 

1/7 

Effectivelyid2  introduces a torque term proportional to sinb 

which suggests that the first term in Eqn. (2.36) does not have 

a constant coefficient. 

It has been shown that id2 
is due to variation of the field flux 

linkage and consequently of V' o, while 

UV' 
T
e2

X q2  • sinb 
' de 

-X' de 
Vq2  = 
	

• 'd2 
(2.38) 

After _ substituting for id2 
from Eqn. (2.30) into Eqn.(2.38) 

it is found that 
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Xde ' 

9 	

/ 	 ido.Xe  ( 	 VT ) 	- VT . V . 	cosb) + 	. V cosbo V7 

/ 1 
X' 
de 

1 
TI77Tjle) 

= (- 	cos8)+ V cosbo + 	
do e )(  de ( 	de). 

sVT 

1  
(1 + sTde  ) 

The phasor diagram relationship can be used to show that 

x f1,1 	X' 
- (1 + sT' ) . I(V 1  ) = - V (cosb)(1 - 

X de 	q 2 	e)- 	
Xde 

de 	
) 

de 	qo  

or 

X' 	X' 
V' + T' 	 , (Vs ) - V cosb(1 - 	11 	- V' q2 	de dt 	q2 	Xde) de 	

o Xde de 	
qo (2.39) 

Assuming constant d-axis flux linkage, V' 	remains constant, but any qo 

variation in the flux linkage introduces the additional term Tel. 

Now Vq2  is the amount by which V' changes from its steady state 

value of U' 	so that. U' = ,V' + 	, and from Eqn. (2.39) we find 
qo 	q 	 qo 

= 1 	 X I 	X' 
T 

f 

de  
\- 111 	Vo  + ,1 	

de)) V cosb 
dt 

	

X
de 	

( Xde 	
(2.40) 

X 	X 	X' 

and 

Tat = XU (V' - V' o) sinb ' 	q 	q 
de 

(2.41) 

where V' = Vqo  at t = 0. 	The value of V' is calculated by a 

step-by-step method using Eqn. (2.40) to find the new value at the 

end of each interval. 

Third torque component  

From Eqn.(2.30)it is seen that 

d3
(s) = -(-VT V VT (cosb)+ 	V  

" 

	

case)o 
+ idoXe

)(  1 
	- 1 sT  de  

s 	 X" 	X' 1 + sT" de 	de 	de 
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sT" 
a V 	 d (s) 

de  = 1/7 
(1 + sTde" ) 

	

	 1,(cosb) 

T" 
- a V cosbo . 	

de  
1 + sT" 	• 	d

2
(s)  de 

T" 
- a idoXe ▪ 1 + de  sT 	 • 	d3(s) " 

de 

where a = 1 
- X" 	X' de 	de 

Now d2(s) and • d3(s) are readily transformable, but not d1(s) 

which contains the product of two Laplace functions, one of which 

is an unknown function of is,  

The expression 

d1(s) - 1 +ssT" 	(cosb) . a V7V 
de ' 

is of the form 

L1(s) 	ss + a 	 (cosh) 

which can be solved by convolution integral when used 	conjunction 

with the indicial admittance23. Therefore 	if 

L1(s) = sbA(t) f(t)) then 

L (t) = 	(ft  A(t - 7) . f' (X) 	0+ A(t)f(0) 

where A(t) is the indicial admittance. For the purpose of this 

analysis 

1 + s 

	t/T L 

1 A(s) - 	and A(t) = e 

T" de 

while f(X) = cos(b(X)) with f' (X) = - sinb 



-t/Tde. 	t -(t X)/T" So 	L1  (t) 	cosb0  + e 	 f '(X) . dX f 
0
e 	

de. 
 

35 

(2.42) 

Since T"de  is a short time constant, and f(k) changes relatively 

slowly, the integral in Eqn. (2.42) may be evaluated approximately 

by giving f'(X) its value at X = t and taking it outside the inte-

gral, resulting in 

Lid  .cosbo L (t) 	e 
1 

+ sinb . pb 
-t/T" 

Td
H 
e`(e 
	de 1) 

So 	d
1 
 (t) =IaV 

-t/Ptle 	-t/TL 	1 
Td"e . sinb . pb(e 	- 1) + e 	cosb 1 	(2.43) 

-t/T" 
while d2(t) = 

	a V cosb0.e 	
de 

-t/T" 
d3
(t) 	aidoXe 	

de 

The values of d2(t), d3(t) and exponential terms in d1(t) 

decay rapidly and can be neglected with respect to the other terms 

of d1
(t), and hence 

id3
(t) = - 	a VT" sinb. pb 

de 

It can be shown in a simalar way that 

q3
(t) = V PVT" cosb. pb qe 

(2.44) 

(2.45) 

where p = 
1 
xu 	

1 
Xqe qe 

Eqns. (2.44) and (2.45) combined with Eqns. (2.21) and (2.22) render 

the torque as 

Te3 	(a.sin2b + b.cos
2b)S 
	

(2.46) 
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where a = w V2T" 	
' 
a° and b = w V

2
T" p 

de  

while wS = 	db and S is the slip. dt 

The total electrical torque produced by the machine is the sum 

of the individual components, so that 

U- __aa 	U2[ T
e = 	

• sinb 
Xde 
	2 [X

de  
' 	Xi 	I ge 

sin2b 	Tel 

VIP 

▪ X'
q2  

. sinb 	 • •
e2 

de 

▪ (a.sin
2 
 6 	b.cos2b)S 	T

e3 

(2.47) 

where Vq2 
 = V' - V' 	and at t = 0, V'2  = 0, thereafter being q 	qo q 

found from Eqn. (2.40) at each interval of a step-by-step solution. 

Also X
de' Xqe 

etc. is the reactance of a modified alternator 

which has the external reactance Xe 
added to the alternator's 

leakage reactance Xa  while the infinite bus voltage has become the 

terminal voltage of the modified alternator. 

In Eqn. (2.47) the component Tel 
represents the synchronizing 

and transient saliency torques, T
e2 	

allows for a change in field 

flux linkage while Ta3  represents a damping torque proportional to 

slip. 

2.3.2 	A change in the excitation voltage 

In the second type of transient disturbance, the voltage vf, 

applied to the alternator field changes by an amount Lvf. The 

equivalent two axis circuits are again employed (see Fig. 2.6) to 
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Avf(s) 

r f  

i
f  

fd 

a 
sLa 

b 

<sLmd  

,r
kd 

<23 sLkd 

OsAlyd(s) 

Fig. 2.6 	The d-axis circuit for changes in field voltage  

The current id  changes firstly by an amount Aidf  due to thr 

change Avf, and secondly, by an amount Ai
db because of a change 

in the rotor angle b. 	According to the generalized machine theory 

(in Laplace form), 

Xd(s) 
 

Eia/ _ T (s) = 	. id 	w 
(s) + 	. v(s) d 	 (2.48) 

from which 

w.AT (s) 	G(s) _ 	 Aid(e) = Xd(s) 	Avf(s) X
d
(
d
s)  

=Aidb(s) +Aidf(s) 

Eqn. (2.15) shows that 

ATd(s) = 	
V 

(cosb cosbd) co 

(2.49) 
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therefore 

Aid6(s) Xd
(s) V . 
	cosh - cos%) 	 (2.50) 

and by putting 1  
Xd
(s) into partial fractions as before, Aid6(s) 

may ,be readily transformed into the time domain. However, in the 

case of Aidf(s) the term G(s)/Xd(s) also needs partial 	fractioning. 

(1 + Tkdes) 	Xmd 

	

Xmd 	A 	B  

	

r
f
X
d 	1 + 	1 + sT" 

Now 
Xd(s) 	

(1 + T' .$)(1 + T"
d
s)r X 

f d 

where 	A 

and 

(1 — Tkd/Tc!j ) 
= (1 - Tc;'/TJ1) 

T"- T d kd  
= T" T' 

d 	d , 

1 

0 

Since in Fig. 2.6 the polarity of Avf(s) is such as to reduce id' 

the total value of id(s) after the change is 

ido J7 r 

id(S)  = 	
...NZ V 	(cosh - s cosso) 1 

d 

, 1 	1 	1  
+ D t-)T7 - 57/ 	(1 + sT') 

sT" 
-.D().711; 3- .5-Z71.  d 	(1 + sT") 

Xmd 	A  - Avf(s) rfXd ° 	(1 + sT') 

i
dl
(s) 

id2(s) 

d3(s)  

d4
(s)  

- Avf(s) Xmd 	8  
r
fXd ° (1 + sT")   i

d5(s) 



'd4 
- 

AXmd
AV
f 	

-t/T, 
(1 - e 	d) 

rf
Xd 
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Likewise 

i (s) 	qo  1/7 V ,Usine,  - sine) ). 1 7q  - 

sT" 
1 i

q
s + 	. U JE(sinb 

 
- sino

o)(X"1 
	

X " (1 + sT ") 	2
( ) 

The effect of the current components idl, id2, id3
,  iql and iq3 • 

upon the torque is the same as in Sect. 2.3.1. 

The effect of id4 and id5 due to Avf
(s) connot be assessed 

in the time domain unless the general disturbance Avf 
is assigned 

a specific value, which for the purpose of this study is chosen as 

a step decrease AVf 
in the field voltage. The result is that 

BX
md

AV
f 	

-t/T" 

	

and i
d5 

- 	kl - e 	d) 
r
f
Xd 

The corresponding torque terms are 

UA 
- 	

X
md

AV
f 	-t/Td 

Te4 = 	(1 - e 	)sinb 
rfXd  

X
md

AV
f 	

t/T" 
V.8 . 

T 	= - 	(1 - e 	) sine) 
e5 

 
r
f
X
d 

(2.53) 

(2.54) 

With the approximate values for A and B from Eqns. (2.51) and (2.52) 

substituted in Eqns. (2.53) and (2.54), the value of Te5 
becomes zero 

and 

-V 
T 	. •X AU d  AV

f 	
-t/T' 

e4 	( 1 - e 	sine) 	(2.54) 
r

mf
X
d 
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So, for a step decrease in the excitation the torque becomes 

T
e 
= T

el 
+ T

e2 
+ T

e3 

X
md

AV
f 	

-t/T1 
d 

(1 	e 	) sinb   T
e4 	

(2.56) 
r
f
X
d 

2.3.3 	Change in prime mover output  

When considering the effect of voltage regulators on the 

transient performance of the alternator, it has been assumed 13,15  

that the disturbance may be a sudden change in the shaft torque or 

prime mover output. This eliminates some of the additional considera-

tions such as fault type, duration and distance when considering a 

sud:en change on the stator side. In practice this type of prime mo-

ver .disturbance seems an unlikely one due to the relatively long time 

constants of the governor and turbine. However, to demonstrate the 

theoretical value of such investigations, this case has been included 

in the comparison of large disturbances. 

Suppose the shaft torque Ts  from the prime mover suddenly 

increases by an amount AT
s 

while the field voltage as well as 

transmission line configuration remain unchanged. The rotor angle b 

changes and hence the voltage components vd and v . If there is 

a constant external tie-line reactance Xe 
in the system, this can 

be added to the alternator's leakage reactance Xs  as in Sect. 2.3.1 

The change in vq 	is 

Av (s) = 	1/-2-V [(cosh - cosb ) 
	

(2.57) 



• When the partial fraction forms of 	
1 

7de 77) 
and X

qe(s) 
are used 1 
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as in Eqn.(2.27) while the input impedance (analogous to 	Fig. 2.5) is 

sXdo(s) 

The change in d-axis current is 

Aid(s) = - 1/71/ I (cosb 	cosb ) 1  o X (s) de 

and after the change 

id(s) 
i
do - Aid(s) 

 

Z de(s)  - 

ido / 
+ 	Ikcosb - cosbo) 	v1 (0 

^de\ 1  
(2.58) 

 

Likewise it can be shown that 

lso  
 i (s) _ 	1/7 V (sinb - sinbo) . 	

1  
(s) X

qe  
(2.59) 

ido 	A 
id(s) = X' de 

1 	1 	1  
+ Akx, 	). 1 de 	Xde 	+ sT' de 

sT" 
1 - A ( 	

1 
 Xde 	Xde) 	(1 + sTd" ) e 

(s) ) dl 	) 

) 

id2(s)  ) 
) 
) 
) 

id3(s) 

(2.60) 

whore A = - 1/7 V r(cosb) + 

 

V cosbo 
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while 	i (s) = —22 
▪ X 

qi
(s) ) s 	

qe 	 - 	) 
) 

+ 0   i (s) 	(2.61) 

	

q2 	) 

+ B 
qe 

1/7 where 	B = - 2 V 	V iisink-:) - 	sin5 

First torque component 

The inverse Laplace transformation of i
dl
(s) becomes 

sT" 1 
Xge

) . (1 + sT" ) qe 	
1
q3(s) ) 

1/--  \ 	li V cosh 	
V cosb

o 

	

idl(t)  = 	X' 	- X' 	
+ i

do de 	de 

but, from the phasor diagram in Fig. 2.3, 

	

i X' 	= - 	
q V'o  + 	. V cosbo do de  

so that 

idl(t) = - 
47  
—7 (10q°  - V cosh) 
Xde 

Likewise 

i
ql
(t) = 12 V sinb 

Xcle  

Hence 

UV' 
Tel = e) 

qo 
 . sin e)+ 	

(X' 	X1  X' 	2 Xa 	Xqe
). sin 25 

de 	e  

(2.62) 

(2.63) 

(2.64) 

which is identical to Tel due to switching in external reactance. 

It can likewise be shown that the second and the third torque 

components are also identical to those in Sect. 2.3.1 

The accellerating torque of the generator is 
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T ace = Jp
2 

= (T
s 

t ATs) - (Tel 	Te2 Te3)  (2.65) 

= Ts - (Tel 	Te2 	Te3 7 ATs ) 

so that T 	- AT 

Thus the machine behaves as it an additional constant electrical 

torque has suddenly appeared. 

2.3.4 	A symmetrical short-circuit  

2.3.4.1 	The single transmission line  

In the case of a single transmission line, as shown in Fig. 2.7 

the symmetrical three-phase fault isolates the machine from the 

infinite bus and since the resistances of the machine and transmission 

line have been neglected, the electromagnetic torque of the alternator 

becomes zero. 

The d-axis equivalent circuit used to study this phenomena is 

seen in Fig. 2.8. When S1 is closed, the pre-fault 

   

bus 

  

 

L 

   

Fig. 2.7 	Symmetrical fault on a single transmission line  
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voltage across the point 'ab' becomes zero and disturbs the current 

balance in the machine, while shorting any connection to the infinite 

bus. 

a rr 
sL

c  
sL

b 	
sLa 

31 	X
dd(s) 
	

machine 

I 

bus and 

Fig. 2.8 The d-axis circuit for changes only  

The voltage 

s Vcosb 
m 	o  V

ab(s) = 	 - i
dosLc 

across 'ab' is made zero by applying a step voltage of opposite 

polarity in series with Sl. 

The transformed change in i
do 

is 

-V cosh + idoXc  Ai
d
(s) - 	msX

db 
(s) 

(2.66) 

which, after inserting the partial fractions of Xdb'  
(s), becomes 

-t/T,  r 1 	1 	1 	db 

db 
Aid(s) 	V cosb

o 
+ 
c do ) X 	)77—  db 

- xdb
) e 

 

 

1 
- X' db 

-t/T" - e 	db (2.67) 

 



45 

At no-load 

-t/T' 	-t/T" 
Ai (t)= --1/ V 1 	

( 	1 ) e 	db db (2.68) 
Xdb 

X
db q X

db 	
X
db 	

X
db 

which is the well known expression for the "alternating component" 

of the short-circuit current. The "asymmetrical component" is absent 

because pTd  and pTq  were neglected. 

The total post-fault d-axis and q-axis currents are 

-t/T' 	-t/T" 
A 	1 	1 	db 	1 	1 	db 

id(t) = 	+ 	+ A( 
Xdb

) e 	+ A( 	)e do Xdb 	X1 	X" X- ' db 	db 	db 

-t/T" 1 )e 	qb 
ig(t) 	 x 	x 

= i
qo 	

- B(„. ' 	X 	/ 
qb 	qb 	qb 

(2.69) 

(2.70) 

where A = - 	V• cos60 	idoXc; and B = 1/2 V sin60- icleXd; 

The final steady values of these currents correspond to
21 

-1/7 V' 	-1/7 Vo 
id = Y' 	= 

db 	
X
db 

and iq  = 0; (see phasor diagram, Fig.2.3) 

The pre-fault flux linkages at thepoints 'ab' of Fig. 2.8, are 

Tdo = co (V V• cos6o 	
i
do

X
c
) 

T
qo 	w 

= 	(4-2- U• sin6o - iqo
X
c
) 

The changes in flux linkages when the fault is applied, are 

Xdb(s)  
AT

d
(s) = 

w 
	Ai

d
(s) 

X cl"
„,(s) 

A'2 (s) = 	. Ai (s) 

(2.71) 

(2.72) 

(2.73) 

(2,„74) 
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The total flux linkages after the change are found from Eqns.(2.66) 

and (2.71) to (2.74) as 

T 	
'do 

+ AT
d = 0 

W = T
qo 

+ AT = 0
q  q 

which confirms that 

T = Tel  = Te2  = Te3  =0 

(2.75) 

(2.76) 

(2.77) 

2.3.4.2 The twin transmission line 

In the case of a twin transmission line as shown in Fig.2.9, the 

healthy line may still be able to provide synchronizing torque, pro-

vided the fault is not at either extreme of the faulted line. The 

torque and current expression are different from Eqns. (2.67) to 

(2.77). 

-
2L 

7) 

Lb  h 	Lc 

bus 

Fig. 2.9 Symmetrical fault on a twin  transmission line 



	17-"\ 
sL V 

2 

v
bus 	<7sLbLc/4L=sL2 

S1 
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The d-axis equivalent circuit portraying these changes is shown in 

Fig. 2.10. The closing of S1 applies the fault and a delta-star 

transformation: can ba mndofrm Fig. (2.10.) 	(2.11). Mothometical 

simplification rasulta by taking Lb  + Lc 
= 2L, without reducing the 

comparativo,signifi&dnce of the results. 

s2L 

bus 
<3sLrfid  

S 

Fig. 2.10 Twin transmission line and d-axis circuit. 

Fig. 2.11 The d-axis circuit with two voltage sources for changes  

only 

S1 
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Now v
2 = w 

— (V cosh - idoXc2)' where  Xc2 = Xc/2 m 

sV 
and 	

Av bus = 	wm 
(cosh 	cos6o) 

and as shown in Fig. 2.14 the two voltage sources have opposite 

effects on i
d
. 

Hillman's theorem on superposition yields 

i
do 	

K
2 
 (Um  cos6

o 
 - i X

c2 
 )- K

1 
 sV i(cosh 	cos6 

do 	m  
id(s) 	 sX

d3
(s) 

and 

K (V sin 
i g(s) = 	- 2  m 	

e) 	IcioXc2)- KlsVm  f(sin6 	sin6o) 

(1" 	 sXq3(s) 

where: X - 
3 	X

c 
+ X 

 

X
db 

includes 
X
b 
2 

as additional leakage reactance; 

X
d3 

includes X
3 in Xdb 

as additional leakage reactance and 

likewiseforX0;while 

X
2 	

Xc2  
K
1 	X2 + Xc2 	K2 = X2 + Xc2 

K
1 	

K2 = 1; 

The flux linkages at the point 'ab', which are now not zero as for 

the single line, are (see Fig. 2.10) 

K 

Td 	w 
- —± (V cosh 	i

do
Xc2 ) 

m 

K 
Tq  = 	(V sin6 - qoXc2 ) 

w m 

(2.78) 

(2.79) 

Gathering the corresponding current components and combining 

X
2

Xc2 
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them with Eqns, (2.78) and (2.79) yield the torque components 

K UV' .sinb 
1 qo 	K

1V2  1 	1 
Tel - 

Xd'3 	
- 	2 	(X

d3  
' 	- X

q3
) sin2b 

K1VXo2sinb(KiV o  Vcosbo) 

Xq3 (Xdb  + X02) 

KIVU' 
qoXc2sin6o(Kisinb - 1) 

X
d3  (Xqb + Xc2

) 

-t/T' 	K VV' .sinb 

Te2 = - K1K2°M(b)(X'
1 	X1 

d3)e 	
d3 	1 q X'2  

d3 d3 

(where M(b) = V
2
. sinb.cosb

o
v 
. ido Xc2° 	

V 
sinb + —(i qoXc2°  cosbo) 

2 +
o
i
doXc2)  

-t/T" 

	

- 	d3 Te3 = K1(a.sin
2
b + b.cos

2b)S - K1K2M  (b)(
X 
 1 
" 	- X1 )0 
d3 	d3 

while Xd3 
	d - X'

b 
 + X

3 
 . 
' 

X' + X K - X' + X . d3 	c2 2 	db 	c29  

X
0 
 + Xc2K2 = Xqb + Xc2 

 . 

Hence neglecting the exponentially decaying terms the complete 

expression for the torque is 



2 2 

	

K1 
 VV

d

' 	KV 	1 qo 	 1 
Te - 	

sinb 	
1  

	

X'3 	
2 	Xd3 - Xq3 
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sin26 

 

   

K 

X
1 
 '

q2  
• sinb 	K

1
(a.sin

2
b + b.cos

2
b)S 

VV 1 

 
d3 

K1VXc2.sinb(KiVi'go  - Vcosbo) 

X
q3 (Xdb 

' + X
c2
) 

+ 	K1VVJI  Jc2.sinbo(K1.sinb - 1) 
(2.80) 

 

Xd3 (Xqb  + Xc2) 

the factor K
1 
 varies between zero and unity, depending upon the 

position of the fault along the twin line. 	It is zero because 

X
2 
= 0 	for a fault either at the machine terminals or at the bus 

and 	in both cases T
e 

is zero with the assumptions made. 

2.4 	Comparison of Various Disturbances  

The transient electrical torques for the various disturbances 

considered in Sect. 2.3 follow much the same pattern, permitting 

certain assumptions in the derived analytical results. The torque 

in each case has three main components as in Eqn. (2.47), viz;- 

K UV' 
1 qo 	

K

I 2 

V2 

Tel = 	
. sinb - 

X' 	()( 	- Xqe

1 )sin2b 
de 	de  

(synchronizing) 	(saliency) 

K liki' 
Te2 

= + 1X'q2 . sinb 
de 

(field flux decay) 

Te3  = + K1(a.sin
2b + be cos2b)S 

(damping) 
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The three components are common to all the disturbances considered, 

provided 

(i) adjustments in Xd, Xde, etc. are made when allowing 

for external reactance to be lumped with the alternator's 

own leakage reactance, and 

(ii) adjustments ore made in the value of the coefficent K1, 

which is equal to unity except in the case of a short 

circuit along a transmission line. For a twin line the 

value of K
1 

is between 0 and 1, depending on the posi-

tion of the fault, but for a single transmission line 

the value of K
1 

is always zero. 

There are in addition the following components for each indivi-

dual disturbance: 

V 	
Xmd

.AV
f 

Ted = - — 
r
f
X
d 1/7 

-t/T' 
(1 - e 	d) sin6 

(step decrease AV
f 

in the alternator field voltage) 

Te5  = I ATs  

(step change ATs  in prime mover output) 

K1VXd2.sin6(K3N10  - Vcos60) 
Te6 = + 	X

q3 (Xdb  + Xc2
) 

K1VV,1 e Xd2.sin60(Klsin6 - 1) 

Xd3 (Xqb 
 + Xc2) 

(three phase fault along a twin transmission line: see note (ii) 

above for value K
1
) 
	

(2.81) 

The synchronizing, saliency, varying field flux linkage and 

damping torque components are common to the most commonly accepted 
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disturbances. For each individual disturbance other than the shorting 

of a reactance, some additional torque terms appear. However for 

a three phase fault along ono of two parallel transmission lines 

the value of the torque depends on the distance between the fault 

and the alternator. 

So although some authors (see Sect. 2.1) have chosen a rather 

impractical step-change in prime mover torque as the transient dis-

turbance, it does test the system behaviour as regards the mechani-

cal movement of the rotor in much the same way as a change in al-

tornator excitation (since the term T
o4 

decays fairly rapidly), 

or changing the tie-lino reactance. 

As stated in Sect. 2.2 the three main torque components Tel, 

T
e2 

and  T
03 

of Eqn. (2.01) correspond to a simplified mathematical 

model. Although theory is approximate, the following significant 

conclusions can be drown. 

Using only the component Tel  corresponds to neglecting damping 

and assuming that the field flux linkage remains constant and thereby 

regarding Vqo' 	as a constant voltage. Saliency is however allowed 

for in T
el' 

and the two terms of Tel 
are recognized as tho 

synchronizing and the transient saliency torques respectively. 

A more accurate model which allows for changing field flux 

linkages but no damping, introduces the additional component Te2. 

Damping is allowed for approximately by means of the terms 

Te3• 
If there is zero subtransient saliency Te3  becomes a con-

stant multiplied by the slip. This corresponds to Crary's
24 

damping torque which has been used by many authors. 

-000 
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CHAPTER 	3 

3. CLASSIFICATION OF METHODS OF SOLUTION  

The approximate expressions of Eqn. (2.81) in Sect. 2.4, 

based on the assumptions of Sect. 2.1, are acceptable for many 

purposes, but situations may arise where a more accurate represen-

tation of the machine is needed. 

The literature survey not only showed that various types of 

disturbances have been considered by different authors, but also 

that various methods of solving the stability problem have been 

used, as below. 

3.1 	Methods using Torque-angle Characteristics 

Assuming that the voltage V'(see Fig. 2.3) behind transient 

reactance is constant and that the torque is a function of the angle 

only, stability can be studied by means of the equal area criterion. 

This corresponds to assuming constant flux linkage and no damping. 

3.2 	Methods using a Step-by-step Computation  

Most stability studies are based on the machine equations and 

use a step-by-step computation, but there are many variations de-

pending on the assumptions made. The torque is calculated at each 

step and used to determine the changes in load angle. 	All the 

methods require a solution of the second order differential equation 

for rotor movement and the transient response is found in the form 

of a swing curve, i.e. a curve of load angle as a function of time. 
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Methods A to D, in the following classification, neglect the terms 

d' 
WYq  and resistance ra in Eqns. (2.1) and (2.2), while methods 

A to C also neglect any departure in speed from synchronous speed. 

A. 	The earliest methods24, commonly worked out by means of a net-

work analyser, assumed a constant voltage behind transient reactance 

(V' in Fig. 3.1) and zero transient saliency i.e. Xq  = X'. 

V' 	.\ 	IX d' , 
\41 

V 

Fig. 3.1 Generator phasor diagram for steady state or for slow  

transienta, assuming zero transient saliency 

The assumptions are therefore similar to those in Sect. 3.1 

but the method can readily be applied to a multi-machine system. With 

some extra complication saliency can be taken into account as in 

Fig. 2.3 from which it is seen that V' = V' V
d  
' -4- 0 	and Xq  ? N. 



55 

For a single machine system the torque becomes the Tel  component of 

Eqn. (2.47). 

B. Although the closed circuit field winding reacts to maintain a 

constant field flux linkage, it does in practice decay slowly because 

of the losses in the field resistance. A change in the field flux 

linkage may also be caused by a varying excitation due to voltage 

regulator action. 	This effect is allowed for by means of the ad- 

ditional torque component 	Tel of Eqn. (2.81). 

C. Damping can be allowed for approximately by means of a torque 

component proportional to slip as shown by the component Td3  of 

Eqn. (2.81). The method, corresponds to the "standard method" of 

Sect. 4.2.1 with the additional assumption that the alternator has 

zero sub-transient saliency. 

O. 	Damping may be allowed for more accurately bj solving directly 

the complete machine equations (2.1) to (2.10), but still neglecting 

pTd 	and p' q. This corresponds to the "approximate method" of 

Sect. 4.2.2. 

E. 	For the most accurate treatment the terms pTd, pTq  and ra 

are retained in the machine equations. The tie-line's resistance 

can also be included, as well as the inductive volt drop due to 

sudden changes in the amplitude of the armature and line current. 

This is referred to as the "accurate method" in Sect. 4.2.3. 
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3.3 Lyapunov's Method 

This method, which has been applied to non-linear control 

systems, determines the boundary between a stable and an unstable 

operating region For a particular type of disturbance. The criterion 

depends on a performance figure ;calculated from a "Lyapunov equation': 

When the performance figure exceeds a critical value it is 	possi- 
25-27.  . 

ble to forecast 	a loss of synchronism after a disturbance, 

without having to determine the swing curve. 	The method has the 

advantage that provided with the correct Lyapunov equation, a stabi-

lity forcast can be made rapidly in the form of a "GO" or "NO GO" 

answer. 

Lyapunov's method is claimed to be of general application to all 

systems, but it has hitherto tended to give pessimistic results for 

transient stability studies. Unfortunately also, the Lyapunov equation 

as used by various authors, differs from one to tne other, indicating 

that no general equation or any hard and fast rule for generating 

such an equation, has yet been established. 	Even these studies 

had to be confined to simplified systems and alternators without 

damping or subtransient effects, voltage regulators, or governors. 

3.4 	Choice of Method of Rgpresentation  

It is difficult to make any hard and fast rule regarding the 

choice of any one method of representing a particular system. Some 

general deductions may be made although each individual case should 

be treated on its merits. 

A fixed excitation system can be studied by using a constant 
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voltage kit; behind transient reactance and a damping term propor-

tional to slip. 

To allow for the effect of voltage regulators, the variation 

of V' must be included. However, if the flux changes slowly, it 

may still be permissible to assume that the pi' terms are negligible 

in Eqns. (2.1) and (2.2). If the machine equations allow for dam-

ping, the voltage behind subtransient ractance has to be adjusted 

similarly during a step-by-step solution. (see Sect. 4.2.2.) 

In the case of a three phase short circuit the value of 

PTd 
 or pT 	may rise to a value comparable with wTd  and wT(1. 

The terms pTd  and pTq  decay with time, but removal of the fault 

restarts a rapid variation of T
d 	

and T 
q
. 

At the prsent time it seems doubtful whether the Lyapunov method 

can be applied successfully until it has been developed as a more 

readily applicable tool, especially to the more complete practical
6 

representation as needed for transient studies. 

---o0o--- 



PART 	TWO  

MORE ACCURATE METHODS OF SOLUTION AND COMPARISONS 
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WITH TEST RESULTS OF A THREE-PHASE FAULT 
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CHAPTER 

4. THEOPY OF MORE ACCURATE METHODS  

4.1 	General  

At an earlier stage stability calculations wore made for gene-

rators with fixed excitation, assuming the field flux linkages to 

be constant
24
. Damping could be allowed for by means of a constant 

damping coefficient. Later methods have been developed to allow 

for changing field flux linkage, taking account of the action of 

voltage regulators and governors
20,29. 

 Such methods involved, in 

the first place, an inaccurate allowance for damping and, secondly, 

the assumption that the rate of change of stator flux linkages 

(pTd  and py can be neglected. This chapter shows how those fac-

tors can be included in a digital calculation. 

The need for a more accurate method than that shown in 

Sect. 2.3.4 was clearly shown by tests made at the Cliff Quay 

Station 	1956
30. A three phase short circuit test, made when the 

machine was loaded, gave a result illustrated by Fig. 4.1, which did 

not agree with the calculated curve. The calculated curve shows an 

immediate rise of the load angle 6, whereas the test curve has a 

temporary dip, referred to as a "back swing", before an eventual 

rise. The phenomenon is in fact advantageous in a generator be-

cause it allows more time to clear the fault. 

In Ref. 1 an acceptable approximate analytical solution of 

the 	machine equations was derived for an initial period, retaining 

the p7 terms but assuming constant speed. With the assumption of 
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constant speed the non-linear differential Eqns. (4.1) and (4.2) 

become linear. The predicted values agreed fairly closely with 

micro-machine test results end showed that, when a three phase 

short circuit occurs, there is in addition to oscillating components, 

a transient unidirectional torque which may, under certain con-

ditions, produce a back swing of the type shown in Fig. 4.1. The 

study by the above authors highlighted the individual transient 

torque components and their effects. 

An approximate physical picture of the back swing phenomenon 

may ba formed by realising that after a short circuit (isolating the 

machine from any external busbar) the 'flux wave represented by 

T
d and T ' remains as a flux wave stationary with respect to the 

q 

armature
22
. Voltages are induced in the rotor circuits and the 

consequent currents cause power losses in the resistance of any 

closed circuits on the rotor. These losses together with the 

armature short circuit power losses produce a unidirectional re-

tarding or braking torque which opposes the prime mover torque. 

Hence there is less torque available to accelerate the rotor after 

a fault has been applied. 

The unidirectional torque decays rapidly and has hitherto been 

neglected in many studios of transient performance. However the 

initial value may be considerably larger than the pre-fault prime 

mover torque and thus be able to produce a retardation or back swing 

during the short period of its duration. 	There is evidently a 

need for a more accurate general method applicable for transient 

conditions when the speed variation cannot be neglected. Such a 

method has been developed for analogue computation by Shackshaft
6 
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and a digital method has been published by Humpage and Saha 

The development of an improved digital method in the following 

sections is made in two stages. 

(a) The first stage allows more fuliy for the action of the dam-

per winding, but neglects pT
d 

and pT . This is referred to below 

as the "approximate method," (see Sect. 3c2, method D). 

(b) The second stage accounts for pT
d 

and pTq  as well and is 

referred to as the "accurate method", (son Sect. 3.2, method E). 

The approximate method gives the results in the same form as 

earlier ones. The axis currents and the torque are slowly changing 

quantities, where the changes occurring during an a.c. cycle are 

small. The stator currents can be regarded as sinusoidal quantities 

at any instant and can 	represented by slowly changing phasors. 

Thus the time interval in a step-by-step calculation can be relatively 

long, since the system on the stator side can be treated as an a.c. 

network in which the complex values change slowly, and the axis 

quantitir:s in the machine calculations also change slowly. 

The situation is quite different when pT
d 
and pTq  are included 

in the equations for the accurate method. It is known that, in the 

calculation of the short circuit current of an unloaded alternator, 

omission of the pT terms corresponds to neglect of the asymmetrical 

component of the stator current and to the assumption of slowly 

changing axis quantities and phasors as explained above. Including 

the pTd  and pTq  terms therefore results in the axis quantities 

changing at about supply frequency end it becomes difficult to in-

terpret the oscillating components of a phasor. It also means that 

the time interval for a step-by-step calculation must be short 
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compared with the period of the a.c. cycle and hence requires a 

great increase in the computer time. 

The first computations performed to obtain results with the 

"accurte method" made use of the standard Runge- Kutta method of 

integration and required a very long computer time. By using more 

efficient methods31'32  of integration it was possible to reduce 

the computer time dramatically. This matter is more fully dis-

cussed in Chapter 7. 

There are sevc,,ral practical operating conditions where the 

earlier oqucAinns do not give sufficiently accurate results. The 

condition considered in detail in this thesis is the application 

and removal of a three phase short circuit to a loaded alternator 

where a beck swing may occur. The back swing can also occur iii the 

case of synchronous and induction motors where the effect would be 

disadvantageous. r further example, not considered here, is an 

alternator with rectifiers in the field circuit where the current 

may have sharp discontinuities. 

4.2 	Alternator Equations and Methods of Solution  

The basic system being considered is the single machine case 

shown in Fig. 2.1. 	The basic machine equations for such a system 

are Eqns. (2.1) to (2.10), repeated below as Eqns. (4.1) to 

(4.10) so that the subsequent mathematical development may be 

followed with greater .ease. 
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vd  = p Td 	vT + ra
i
d 

v q  = -vT
d 
+ pTq  + r

a
i
q 

0 = rkdikd + pWkd 

0 = r
kg
i
kq 

+ pT
kg 

of = rfif  + pTf  

for voltages, and 

Td =Lddd  + Lmdkd 
 + L

md
i
f 

T
q =Lqgiq 

+ L
mq
i
kg 

Wkd = Lmdid +Lkkdikd 	Lmdif 

T
kg 

= L
mqq 

+L
kkq

ikg 

T
f 

= L
mdd 

+ 
Lmdikd 

+ 
	Lffdif 

for the flux linkages, and 

To = 	2 (Tdlq 	Tqid )  

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

for the electromagnetic torque. 

4.2.1 Standard Method  

With the assumptions of the "standard method" in Sect. 3.2, 

Eqn. (2.77) shows that the electromagnetic torque of the alternator 

immediately becomes zero when a three phase short circut occurs, and 

the calculated curve of 6 is incorrect. The standard method or 

variants of it has been commonly used in the past, but under cer-

tain conditions, as described above, a more accurate solution of 

the equations is needed. 
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4.2.2 	Approximate Method 

The "approximate method" makes full allowance For damping and 

system resistances and subtrLnsient saliency and for variations in 

the speed. However the changes in flux linkages represented by 

pT
d 

and pT 	are neglected. 
q 

The method was worked out by Alford
33

, who showed that Eqns. 

(4.1) to (4.10) can be rearranged as follows. 

, 
wT = X"i + w(X" - X )( 	+ 

X
) 

kd

▪ kd  
d X" id 
	d a X, 

fd 

T1, 

wwq  = X"iq  + w(X" - X ) 
q a X

kq 

kd 

(Xt':1 	Xs) 	(X11  - Xs) 
	 . i +  	T" 

X
fd 	

f 	kd 1 do 

FY, i 	7 
mq   .9, WY

kq 
= , 
	w 

	
• Ykg I /T'40 

L i 

	

1 	i 
F(X'c) - X

a
) 	F X

md
i
d 	XmAd] pT f  = vt, +

+ 

	

X
do 
' 	(X J  - ,\

a  • 
, 

) * L 	w 	X
kd 

j 

(4.15) 

(X'j 	Xs)Xmd i-li  

X
kd

X
fd jj 

(4.16) 

when use is mode of the following indentities 

L
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L
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d m 
w(L

dd
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d  
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ffd 	
" ; qq L
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L
md 

)= Xd - X
a
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L
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L
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X
kq 

L
2
, 
	

(Xd - Xs) 	
X 	

L
md 	

X
d  
' - X 

a  

(X' - Xs) 	
kd 	L

ffd 
w(L 	- 	= - 

kkd L
ffd 	

- X
fd 
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The terminal volts,_e equations (4.1) and (4.2) can be written 

(neglecting (DT terms) as 

v
mtd = raid  + X"i + v" q q 	d 

v
mtq 

= r
aiq 

+ X"
did  + v" 

(4.17) 

Hence, the alternator can he represented ID; a voltage behind sub-

transient reactance and the two axis components are 

Wkd v = - SX"i + w(X" - X )- d 	9 9 	q 	a
kq 

v" = SX"i 	w(1 -S)(X - Xa)( 	
XT
kd
) q 	d d 	Xrd 	

kd 

(4.18) 

The method of representing the machine by a voltage behind 

sub-transient reactance combined with a step-by-step solution is 

explained in Ref. 33. 

If the alternator is connected through a transformer and 

transmission line with 	total resistance R and a total resistance 

X, to on infinite bus having a r.m.s. voltage %, then the voltage 

equations for the interconnection tie-line are 

v
mtd 

=
bd 	Ri

d 	w 
- 	. vi q  

v
mtq 

= V7Vbq 	Riq 
	w 
+ 2i 	vi 

d 

where Vbd  = Vbsinb and V
bq 

= V bcosb 

The generator terminal voltage is given by 

2 ' 
7
V
mt 

= v
mt  = v

2 	
+ v mtd 	!Tito 

(4.22) 
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The equation for mechanical motion is 

p
2 	

= 
f 

H 
	13  (T

in  - T 	TL) 
	 (4.23) 

In a step-by-step solution the voltages given by Eqn. (4.18) is 

applied at time t
o 

to bhptie-line impedance and infinite bus voltage 

to find the current components i
d 

and i . The electrical torque 

and the change in the load angle are determined and hence the now 

value of load angle at 	t
n+1 . 	

Equations (4.14) to (4.16) are 

used to compute the rate of change of the secondary flux linkages 

and hence 
Tf'kd 

and  T
kq 

may be found at t
n+1 . 

provided the 

values aro known at time t
n
. The new values of the flux linkages 

are then substituted into Eqn. 4.10 together with the currents 

(value at t
n
) in order to obtain v" and V" at t

n+1' 

By setting pTf  = pYkd = pTkci  = 0 before a disturbance is 

applied, the value of the field voltage is found to be 

v
In 

= 
(X" - Xa)Xmd  

T
fo 	

i
do (X' - Xa)w 

1 + 
(Xc'l  - Xa) 

Xkd 
/T" 

qo 

     

The damping torque can no loncer be separated from the total 

electromagnetic torque but is automatically taken care of by the rate 

at which the flux linkoocs in Eqns. (4.14) to (4.16) are allowed to 

change. 

The calculated results of Chapter 6 show that the improved 

method of accounting for damping, does not explain the back swing 

in load angle after a three phase short circuit. 

When zero subtranoiont saliency is assumed (X" = X") for 

the alternator, the subtransiont reactance can be added to the 
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tie-line reactance, and the axis components of voltage in Eqn.(4.18) 

can conveniently be transformed into a phaser, representing the 

phase values, so that the alternator can be treated as a network 

component. The simplification is particulrirly useful for dealing 

with a multi-machine system. 

4.2.3 	Accurate Method  

It has been shown that in the event of a three-, phase fault 

a significant error is introduced by the assumption that pTd  and 

P 1q  arc negligible. Since the inclusion of pT
d 
and pT 	allows 

q 

for stator transients, the voltage equations (4.19) and (4.20) must 

also take into account the transmission line and transformer in- 

ductive volt drop after a sudden change. 

Hence 

X  vmtd = 1/7V bd 	
pi

d - Rid  - w q 	 (4.24) 

v
mtq 

= V7Vbq - w 
 . piq 	Riq 	vid (4.25) 

Expressions for pTd  and IDTq  can be found by differentiating 

Eqns. (4.12) and (4.13) and used to obtain a set of first order dif- 

ferential equations. In doing so, either id  iq 	can be elimi- 

nated and pT
d 	

pTq  retained or T
d'q 

can be eliminated and 

pi
d
, piq  retained. 	The two methods are equivalent, but it was 

decided to use the second alternative, because the currents and 

their derivatives are present in the external network equ:-itions. 

It is shown in Appendix I that the primary currents id, id  

and the secondary flux linkages T
f, 

T
kd 

and T
kq' 

can be found from 



five simultaneous 

Eqn. (4.26) 

r

r_ 

Pid I 

7 

	al 	a2 

Piq 	vbi 	b2 

	

ptlf  f 
= c l 	0 
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0 	e
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first order differential equations, given in 

23  

vb
3 

c3 

d3 
 

0 

a
4 

vb4 

c
4 

d
4 

0 

vas 

b
5 

0 

0 

0
5 

a6Vbd 

b
6
V
bq 

0 

0 

0 

a
7 

0 

1 

0 

0 

red 

q 

f 

ly 
kd 

If
kq 

1 

(4.26) 

A stop of the computation uses the equations to find values 

of the variables at t
n+1 from known values at t

n. First a numeri-

cal method of integration is applied to the diffe2ential equations 

(4.26) and the values of the integrable variables (IV's)(see Sect. 

7.1) 	
id' iq' Yf' Ykd and  Ykq 

	are found at time tn.1.1. These are 

used in the algebraic equations (4.12) and (4.13) to compute the 

non-integrable variables (NIV's)(see Sect. 7.1) Tq  and T
d' 

which 

together with id 	and iq  are used to compute algebraically the 

electromagnetic torque To  from Eqn. (4.11). For a system with a 

governor, the differential equations are used to find the prime 

movershafttorqueTin.The new value of the IV's speed and 

load angle 5, are found from the differential equation (4.23) 

The non-integrable variables V
bd' 

V
bq' 

v
mtd' 

v
mtq' 

V
mt are cal-

culated from the algebraic equations (4.21),(4.24),(4.25) and (4.22). 

When an n.v.r. is present the value of V 
m-c  , is substituted into 

an algebraic equation and the comparator output is used in the a.v.r. 
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differential equations (see Sect. 5.2.2) to find the value of the 

integrable variable Vf. Without an a.v.r. the field voltage V
f 

ren!:-in:'constant. 

The computation described above is an improvement on previous 

attempts to solve the non-linear system equations by digital com-

puter. Humpage and Saha17 retained the pT terms but were unsuccessful 

in extracting a sot of simultaneous differential equations and 

therefore had to use the numerical method of finite differences to 

calculate at the end of the nth stop the derivatives of variables to 

be used during the (n + 1) th step. As a result the solution of the 

flux linkages was always one step behind the solution of the cur-

rents or vice versa, and required shorter time steps in the in-

tegration process. 

Expressions for the volta -.es vcci  and v" behind subtronsient 

reactance, like those in Eqn. (4.18) aro found as 

v" 
X"d pi d ▪ (x,c; 	X a ) 

	

-PTf 	PT - 

	

X
fd 	

X
kd 

SX"i + w(X" 	)--15-a 
q q 	a

kci 

(4.27) 

 

X"pi 
v" q q  

q 	(4) 

(x" - X ) 
q 	a  
X T" kq qo 

 

X
mq  

. piq  - pT
kg 

r 
1 

   

r 

 

▪ SX"i
d 	

(1 -S) 	(0( X 1( 	Xa  T
f 	

▪ 5(
T
kd

) 

fd 	kd 
(4.28) 

  

However there is no advantage in using Eqns. (4.27) and (4.28) 

since Eqn. (4.26) gives all that is required. 

---000--- 
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CHAPTER 5 

5. EQUIPMENT USED FOR TESTS  

5.1 General  

Test results ai,out the transient behaviour of a synchronous 

generator after a three-phase fault were obtained from results about 

a 30 MW turbo- alternator and also from experiments performed for 

the purpose Po this thesis on a micro-machine system at Imperial 

College. The parameters of the micro-machine system were chosen, 

where possible, to correspond on a per unit basis as closely as 

practically possible to the values of the large system. 

5.2 	A Large Practical System 

Although the 30 MW system (see Fig. 5.1) at Goldington has 

been described in Ref. 6, it is necessary to repeat the description 

of some of the equipment which has a direct bearing on the studies 

and results in later chapters. 

5.2.1 	The Alternator 

The data used for the computed results of Chapter 6 appear in 

Table 5.1. 
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Table 5.1 	Data of  30 MW turbo-generator 

Base stator voltage 

Base stator current 

Base power 

Base stator impedance 

Base field voltage 

Base field current 

Base field impedance 

Mutual reactance, Xmd, Xmq(unsat.) 

Armature leakage reactance, Xa  

Armature resistance, r
a 

Field leakage reactance, Xfd  

Field resistance, r 
f 

Damper leakage reactance, Xkd,Xkci  

Damper resistance, rkd, rkq  

Inertia constant, H 

Calculated data  

Subtransient reactance 

Transient reactance 

Time constants 

9.68xI/I kV, r.m.s. line 

2.59 x 1/7/1/7 kA r.m.s. 

37.5 MVA 

3.73 ohm. 

l53.5/1/7 kV 

244/1/ A 

630 ohm. 

1.86 p.u. 

0.14 p.u. 

0.002 p.u. 

0.14 p.u. 

0.00107 p.u. 

0.04 p.u. 

0.00318 p.u. 

5.3 kWs/kVA 

0.1706 p.u. 

0.1792 p.u, 

0.2702 p.u. 

5.949 sec. 

0.8030 sec, 

0.1076 sec. 

0.0978 

X" 

X" 
q 

X' 

T' do 

T' 

T" 

T" 
q 
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5.2.2 	The automatic voltage regulator  

The physical operation has been described
6 

with reference to 

the block diagram representation of Fig. 5.2. The equations and 

parameters in this section are in physical units and the values 

of a.v.r. parameters appear in Table 5.2 

Voltage transformer and comparator 

Both references 6 and 17 quote a common gain Gvs  for the 

reference level V
ro  and the terminal voltage Vmt' 

while in fact 

Fig. 5.2, which was first published in Ref. 6 and later used in 

Ref. 17, shows V
mt 

to pass through a voltage transformer before 

reaching the error sensing element or comparator stage. The com-

parator's output 

V
ml 

= - G
vs
(11

mt 
- V ) 
	 (5.1) 

therefore implies that the fictitious reference voltage Vr 
in 

Eqn. (5.1) is on the same side of the voltage transformer as Vmt' 

and is thus of the order of 12,000 volts. 

First  magnetic amplifier 

G
ml  

V
m2 

- 
1 + 

ml
p 	(ki ml 

+ V 
xs 
 + V 

ms 
 ) + K

ml 
(5.2) 

while V
m2 min 	V m2 	Vm2 max 

Second magnetic amplifier  

Gm2  
V
x 

= 
1 + T

m2
p 	

V
m2 

+ K
m2 

<" while 	V
x min 	

V 	V 
x 	x max 

(5.3) 



The a.c. exciter and rectifiers 
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G 	V 
x 	x  

V
f 	+ K

x 1 + T
x
p 

(5.4) 

Ampifier stabilizer 

+ T V
x 	

(5.5) 
ins 

Exciter stabilizer  

G xs 
T 
 xs p 

V = 	 V 
xs 	1 + 	p 	f Xs 

(5,6) 

Steady stats initial conditions 

Before the disturbance is applied, the steady state values 

of some regulator variables ore found from the values of active-and 

reactive power, 	and voltcge at the generator terminals. 

The reference voltage of the voltage regulator is given by 

	

V
reo

= G
vs

V
mto 	

K
x 	

G
x
K
m2 

- G
x
G
m2

K
ml

)/G
x
G
ml

G
m2 	) 

) 

while 	 )  
) 
) 

V 	= V 	= 	0 	 ) xso 	mso 
) 

) 
Vxo 	

= 	(Vfo  - Kx)/Gx  
) 	

r  (3, 
) 

V
m2o 

= 	(V
xo 	

K
m2

)/G
m2 	 ) 

) 
) 

V
mlo 

= 	
(Vm2o 	Km1 )/Gml 	 ) 

7) 

V 
MS 

G T p 
ms ms 
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Gvs = 0.00159 

Gml = 52 

Tml = 0.044 sec. 

K
ml = 65.4 

v
m2 min = 1.8 V  

Vx min = 0 V 

Vx max = 227 

G
x 

= 3.06 

T
x 

= 0.2 sec. 

K
x 
= 15 

V 
m2 max = 51.6 V G ms = 0.0139 

Gm2 = 12.2 

m2 	= 0.1 sec. 

= - 146.7 

ms 
= 0.1 sec. 

G xs = 0.00525 

T 	= 2.0 sec. 
xs 
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Table 5.2 	Voltage regulator data. 

The value of G 
VS 

as listed above is applicable
34 

to Eqn. 

(5.1) when V
mt
and V 

re 
 are in line volts r.m.s. Gms  and Gxs 	

were 

printed incorrectly in Ref. 6 and corrected values5 appear in 

the above table. K
m2 

has a negative value. 

5.2.3 	The governor and turbine 

The physical operation and assumptions For the mathematical 

model have been described
6 	with reference to the block diagram 

representation of Fig. 5.3, and the values of parameters appear in 

Table 3. 

Centrifugal  Watt governor 

= Y
o 	G1pC) 
	 (5.8) 

while 	0 -<.,Y 
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is proportional to sleeve movement and is zero when the weights 

are fully out and unity when they are fully in. Y
o 

is proportional 

to the speeder gear setting. 

Relay and pilot valves  

G2Y 

Y1 	(1 + T1p)(1 + 2p) 	2 

while 0 `Y1  < 1 

(5.9) 

Y1 is the governor steam valve position and is zero when the 

valve is fully closed and unity when fully open. 

Governor steam valve 

Ps  = G
3 

Y
1 
	 (5.10) 

where P 	is the steam power 

Turbine  

The turbine output power is delayed by the entrained steam 

and appears as 

P. 

p.  - in 	1 4. T
3
p 

(5.11) 

The shaft torque transmitted to the alternator is 

P. 
in  

Tin  = 
(1 + 2 of 

(5.12) 

or, since 

 

is small compared to unity, Eqn. (5.12) can 
2 IC f 

be rearranged by means of the binomial Expansion Theorem to 

Tin 	in = P (1 - 
_EL\  
2 Tr, f 

(5.13) 

which is the form used in Ref. 6. 



G1 = 1.080 x 10
-3 K2 = - 0.267 

  

G2 = 1.33 
G3  = 1.42 

T, = 0.1 	sec. T3  = 0.49 sec. 

T2 = 
0.188 	sec. 

00 

Steady state initial coAitions  

At synchronous speed pb = 0, so 

Tino = iP 	=T +T =P so  =GY no 	3 lo 

P. 
Also Y = (Y 

 
lo 

	K )/G -( 	ln° 	K2
)/G2 = N lo 2 2 G3 

and the speeder gear setting Yo  = N 

(5.14) 

Table 5.3 	Governor and turbine data  

5.2.4 	The tie-line impedance 

The tie-line consists of the generator step-up transformer 

and the transmission line as in Fig. 5.1. The parameters are as 

follows; 

100 	MVA base 37.5 	MVA base 

R
1  

1.35 % 0.506 % 

X
I  

35.4 % 13.3 % 

R*2  4.6 % 1.73 % 

X
2 

12.65 % 4.74 % 
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5.3 	A Micro-machine System 

The micro-machine is connecter; to the fixed supply, treated 

as an infinite bus, through series impe:ance Z
1 
 and Z

2 
as shown 

in Fig. 5.4. The machine is a small alternator specially designed 

to give a range of parameters on a per unit (p.u.) basis and values 

were selected, within limits, to correspond with the large system 

in Sect. 5.2. 	The equipment includes a time constant regulator 

(see Sect. 5.3.2) which controls the effective resistance of the 

excitation circuit. A governor and a.v.r. wore not included in 

this particular system. 

5.3.1 	The alternator  

The micro-alternator
35 

(stator no. 334819, rotor no. 334828) 

has a laminated cylindrical rotor, although standard test
36 

re- 

sults showed a saliency of about 10%. The machine parameters are 

given in Table 5.4. 

A comparison of Tables 5.4 and 5.1 reveals that the parameters 

agree fairly well except ror the high armature resistance and the 

small sub-transient time constants. In Loth cases it was practically 

impossible to avoid these differences. 
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Table 5.4 Data of micro-alternator 

Base stator voltage 

Dose stator current 

Bose armature power 

Base stator impedance 

Base field voltage 

Base field current 

Base field power 

Base field impedance 

Mutual reactanceg X
md(sat.) 

X
mq
(sat.) 

Armature leakage reactancr:, Xa  

Armature resistance, ra  

Field leakage reactance, X
fd 

Field resistance, r
f 

Transient reactance, X' 

Subtransient reactance X" 

X" 
q 

Time constantsg 	T' 
do 

T' 

T" 

T" 
q 

Inertia constant, H 

186 V, r.m.s. line 

4.3 A r.m.s. 

1385 VA 

25.0 ohm 

1410 V 

0.491 A 

692.5 VA 

2870 ohm 

1.71 p.u. 

1.51 p.u. 

0.127 p.u. 

00127 p.u. 

0.095 p.u. 

0.00108 p.u. 

0.217 p.u. 

0.150 p.u. 

0.170 p.u. 

5.34 sec. 

0.630 sec. 

0.013 sec. 

0.013 sec. 

5.7 kWs/kVA 
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Fig. 5.6 Torque speed characteristics of the 

M p.u. speed 

prime mover at Goldington 
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5.3.2 	The time constant regulator  

The micro-machine has a much higher natural per unit field 

resistance than a large generator. A time constant reoulator 

(t.c.r.) which reduces the effective field resistance had been 

developed and used in earlier experiments
33
. The basic elements 

of such a t.c.r. appear in Fig. 5.5. 	An auxiliary field winding 

with the same number of turns as the main field winding but of 

much smaller copper section has been wound in the same slots as 

the 	main field. With nearly perfect coupling between the two 

windings, the voltage appearing across the auxiliary field is 

equal to the induced voltage pTf  in the main field. This is added 

to a voltage ifRfb  and the total fed back through a high gain 

d.c. amplifier to the control fields of a series exciter. It can 

be shown that if the open loop gain of this control system is large 

enough the effective field resistance becomes 	Rfb 
which may 

then be set to a suitable value in order to obtain the required time 

constant. 

5.3.3 	The prime mover torque-speed characteristic  

An important source of damping
24  in a turbo-alternator is 

the turbine since the torque is a function of the speed. The 

torque-speed characteristic of the turbine at Goldington can be 

found for slow changes in speed as shown below. 

Eqns. (5.10),(5.11) and (5.12) can be combined to show that 

G3Y1 	1.42 Y1  
T. 
in 

(5.15) 
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M = 2"-)- = per unit speed. 

The torque/speed relationship of Eqn. (5.15) is therefore a 

function of the steam valve position Y
1 and Fig. 5.6 shows this 

relationship for various values of Y1
. 

The slope of a torque/speed curve in Fig. 5.6 can be found 

by differentiation of Eqn. (5.15) i.e. 

dT
in 	

G
3
Y
1 

M
2 

= K 
dM 	TM 

and this determines the damping effect24. 

At synchronous speed, M = 1 and the slope becomes 

KTm  = 	G3Y1  

but from Eqn. (5.15) it is seen that when M = 1, 

(5.16) 

(5.17) 

Y1 = Tin/63 

which, when substitute into Eqns. (5.17), yields the slope as 

KTm= - Tin 	 (5.18) 

According to Eqn. (5.18) the torque/speed slope at synchronous 

speed is 1 at 1 p.u. torque and speed, and the numerical value 

is less than 1 at reduced torques. 

The micro-alternator is driven by a separately excited D,C. 

motor, the characteristics of which are different from those of a 

turbine and have an important effect on the machine behaviour under 
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transient operation. Equipment has been designed and tested to 

control the 	D.C. driving motor in such a way as to simulate a 

turbine drive. The control equipment was not fully operational 

however, at the time when the system stability tests described in 

Chapter 6, were carried out. 

For the purpose of the micro-machine tests, a constant value 

of the torque/speed slope therefore hed to be used. The natural 

torque/speed slope of the D.C. motor at 1 p.u. torque is in the 

order of -30, but it is possible to reduce this value by adding 

resistance in series with the armature. An attempt was made to 

achieve the value of 	1 (also suggested in Ref. 24), but because 

of d.c. sypply voltage limitations it was not possible to reduce 

the slope further than - 2.68. 

5.3.4 	The tie-line impedance  

Use was made of a three-phase transmission line simulating 

network which consists of resistance--, inductance-, conductrnce-

and capacitance "units". Each unit consists of a number of fixed 

"elements" so that a range of values arc possible. 

The capacitance and conductance units of the simulator were 

not used since there are no details about these parameters in the 

practical system of Sect. 5.2 and a series combination of only 

resistance and inductance was used. However, the exact tie-line 

parameters could not be modelled, because 

(a) the simulator elements have fixed finite values. Furthermore, 

the inductance elements have a finite Q which varies from 10 to 30 

and thus have appreciable resistance. 
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(b) 	the transmission line of the Goldington system has only 4.74% 

reactance. Hence, the short circuit current from the infinite bus 

is about 20.0 p.u. 	On the micro-machine system, this corresponds 

to a current of approximately 90 A which exceeds the maximum rating 

of the transmission line elements and of the air circuit breaker. 

Moreover, the inductance elements have iron cores and at the higher 

'fault currents there are errors due to saturation. 

To overcome the above limitations a vacuum breaker capable of 

clearing 200 A (a.c.) was purchased and a larger transmission line 

reactance was used. On the transmission line simulator, a choice 

had to made between a 4 ohm (16%) and a 2 ohm reactance. Due 

to saturation and consequently the unknown upper limit of fault 

current, the 4 ohm reactance was used. 	This also allowed rapid 

repetition of the fault application without overheating of the 

low-0 reactance element or any other auxiliary equipment. 

The transformer in Fig. 5.1 was simulated by a high-0 reactance 

which has an iron core with an air gap. The final values of the 

micro-machine transmission line parameters are listed below 

Micro-machine system 	30 MW u ptsm_  

R
I  

0.56% 0.506% 

X
1  

13.2% 13.3% 

R
2 

1.9% 1.73% 

X 16% 4.74% 

Tests were also made with X2 
= 6%, but were not analysed be-

cause it was discovered that the t.c.r. was not functioning 

satisfactorily (see Sect. 6.3) 

---o0o--- 
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CHAPTER 6 

6. COMPARISON OF CALCULATED AND TEST RESULTS 

6.1 General  

The results presented in this chapter are for the case of a 

three-phaso short-circuit close to the alternator. Test results 

for a large system (Sect. 5.2) as well as for a micro-machine system 

(see Sect. 5.3) are compared with computed results. 

6.2 	Results for a Large System (Goldington)  

The tests conducted by the C.E.G.6. on a 30 MW alternator 

at Goldington (see Sect. 5.2) included a short circuit test applied 

at the high voltage terminals of the transformer (see Fig. 5.1) 

with the generator operating at full load. In Ref. 6, the results 

of the test are recorded and calculations of the performance arc 

made by means of an analogue computer. The complete equations are 

used with allowance for regulator and governor action and for the 

effect of saturation. 

In the present section, digital computations are used to 

verify the results, using the approximate and accurate methods 

described in Sect. 4.2. 	The calculations do not allow for satura- 

tion. 	Further computations are made for difieront conditions on 

the same system. Particular emphasis is placed on the initial 

period for a detailed study of the back swing phenomenon. 
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6.2.1 	Three-phase short-circuit at rated load. 

Fig. 6.1 shows the swing curves determined by the site tests 

and by the approximate and accurate methods of calculation. The 

angle on the test curve does not swing back noticeably but is al- 

most horisontal for 	the first 0.1 sec. showing that there are 

losses which neutralise the turbine torque, but are not sufficient 

to cause a back swing. The ankle determined by the approximate 

method commences to rise immediately, because it does not allow 

for any losses, and the peak value of 6 is too high. The accurate 

method shows much better agreement with the test curve during the 

first swing, although there is some discrepancy during later swings, 

probably because of uncertainty in the turbine and governor para-

meters and because saturation is neglected. 

Fig. 6.2 shows computed curves for the two flux linkages 

calculated by the two methods. The flux linkages Td  and Tq 	de-

termined by the accurate method (Curves (a) and (c)) are decaying 

sinusoids at supply frequency and are 900  out of phase with each 

other. When calculated by the appro>imate method, on the other hand, 

each flux linkage has an initial step change (Curves (b) and (d)) 

followed by a gradual decay which agrees closely with the mean 

value of the corresponding sinusoid. 

From Eqn. (4.1) 

PYd"Tq = vd - raid 

or approximately vd, if ra
id is neglected. Curve (g) shows 

v
d 

as a slowly decaying curve. The quantity pTd, (Curve (e)) 

which is neglected in the approximate method, is seen to be of the 
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same order of magnitude as vT . Curve (h) shows the quantity 
q 

- PWq  + V'F
d 

= 	vq  + raiq 

The value of v
9 
 is nearly the same for both methods while 

again pT
9 
 is of the same order of magnitude as vTd. The curves 

for v
d 

and v
9 
 show that, although the axis fluxes oscillate, 

the axis voltages are slowly changing unidirectional quantities. 

Fig. 6.3 shows curves of vTd  for a time period longer than 

the fault time. After the fault is removed the accurate curve is 

again a decaying oscillation but now the approximate value is 

not the mean value of the accurate sinusoid as it was during the 

fault. This is because the two methods yield different results 

for the rotor angle at the instant of fault clearance and thus lead 

to different currents, torques and flux linkages when the generator 

is back on the system, Fie. 6.3 also shows the axis currents 

calculated by the two methods. 

Figure 6.4 shows the axis components of voltage, vd  and vq  ,  

and also the terminal voltage Vmt. The 50 Hz oscillations in 

v
d 

and vq  initially after application and again initially after 

removal of the fault, are present when the numerical calculations 

take the r
a
i
d 	

and r
o
i
q 

terms into account. These terms are 

only appreciable for short periods when id  and iq  are relatively 

large. 

The variation of electrical torque To  according to Eqn. (4.11) 

appeas in Fig. 6.5. The accurate method shows a 50 Hz oscillating 

torque with a first peak of about 4 p.u. while the approximate 

method shws T 	to decroace step-wise initially to about 0.15 p.u. 
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The mean value of the envelopes of the accurate solution, tends 

towards the value of the approximate curve after about 60 milli-secs. 

The semi-log plot of the envelope of Te  is a straight line 

and by extrapolating back to zero time, it is possiLle to find an 

initial value for the rapidly decaying unidirectional or mean torque 

T. The time constant of the decaying envelope is about 130 

milli-seconds which agrees fairly well with the value of 125 

milli-seconds which was calculated by using the expression)  for 

the armature time constant T
a. 

Fig. 6.6 shows the approximate value of Te, which has an 

initial step chance of 0.7 p.u. followed by a decay to a constant 

value 0.08 p.u., while the unidirectional torque T
eu obtained by 

the accurate method has an initial value of about 0.68 p.u. Since 

eu is less than the shaft torque of 0.8 p.u. the machine is not 

retarded and no clear back swing is seen in Fig. 6.1. 

6.2.2 	Three-phase short-circuit at various system conditions  

No site test results For a three-phase short-circuit were 

available except those already given, but calculations were made 

for other conditions, and the results are shown below. 

(a) Effect of  reduced load  

Fig. 6.7(a) shows calculated curves similar to those of Fig. 5.1 

but for the case of 0.2p.u, active power and 0.6 p.u. reactive power. 

The back swing is now clearly visible. There is not only a signifi-

cant difference in the amplitude of the first peak as calculated 

by the two methods, but also considerable phase shift during the 
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first few swings. The difference in the angle b
f 

when the fault 

is removed, is 11°  on Fig. 6.1 and 12°  on Fig. 6.7(a). 

The steady shaft torque of 0.2 p.u. is smaller than the 

unidirectional torque and the machine is temporarily retarded. The 

lower the steady pre-fault power level, the more severe is the 

back swing. At no load the angle swings only into the negative 

region. 

(b) Effect of increased tie-line reactance  

Figure 6.7(b) shows the effect of a transmission. line whcac 

reactance is ten times that of the Coldington system. In comparison 

with Fig. 6.7(a) the discrepancy between approximate and accurate 

calculations has increased and continues longer. With P = 0.2 p.u. 

and Q = 0.6 p.u. the larger tie-line reactance requires increased 

excitation and higher terminal volts. Hence the airgap flux, which 

is trapped when the short circuit occurs is larger and the initial 

transient losses and the initial unidirectional torque are increased. 

(c) Effect of reduced inertia  

The results of Fig. 6.7(b) were recalculated for a reduced 

inertia constant of 3 sec. which is slightly lower than that of a 

modern 600 MW turbo-alternator. The results are shown in Fig. 6.7(c) 

The back swing lasts for the entire fault period of 0.38 secs., the 

difference in b
f between the two methods in now about 22 degrees 

and the amplitude error is also larger. The phenomenon of lower 

inertia permitting a larger back swing supports the results shown 

in the next section. 
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6.2.3 Detailed assessment of the back swing 

The curves in Fig. 6.8 apply to the system condition of 

Sect. 6.2.2(c) and show the torque, the slip, and the load angle 

when the calculation is made with the accurate and approximate methods. 

According to the approximate method the slip increases from 

zero when the fault is applied because the prime move torque is 

larger then the armature copper loss torque by itself. Upon removal 

of the fault, the slip decreases again. Hence the load angle 

increases initially and reaches a maximum when the slip is zero. 

On the other hand, the accurate method shows the first peak 

of the pulsating electromagnetic torque T
e 

to rise to about 5.4 

p.u. while the turbine output Tin  is only about 0.2 p.u. 

Figure 6.9 shows the variation of the unidirectional torque T 
CU 

which has an initial value of about 0.68 p.u. which is larger than 

the shaft torque of 0.2 p.u. and hence the retardation or back 

swing occurs. It is significant that the initial value of T
CU 
 for 

these system conditions is about the same as for the original con-

ditions of the site test (Sect. 6.2.1). However the different ef- 

fects of T 	depend on the pre-fault shaft torque and the machine 
au 

inertia. rig. 6.9 also shows the step decrease in the approximately 

calculated value of T
e
. A semi-log plot of the torque envelope of 

Fig. 6.6 is again a straight line with a time constant of 135 

milli-seconds. This value corresponds to that found in Sect. 6.2.1 

since the armature and field circuits are the same for the two con-

ditions while the fault is on. 

The variation of To 
when the fault is removed is shown in 

Fig. 6.10 for various values of fault time. It is seen that after 
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fault removal, T
e 
invariably first goes negative due to synchroni-

sing powwr from the infinite bus. 

In addition to factors like pre-fault load, excitation level 

and inertia, the amount of back swing is increasec' when the fault 

is closer to the machine and thus permits a larger armature short--

circuit current and losses. The duration of the unidirectional 

torque is also affected by such quantities as armature resistance 

and the field and damper winding time constants. 

6.3 	Results for  a Micro-machine System  

Three-phase faults were applied to the c.w.r. micro-machine 

system of Fig. 5.4 on the transmission line side of the simulated 

transformer. No governor or a.v.r. is used in this section, digital 

computations are used to verify the results using the accurate method 

described in Sect. 4.2 but not allowing for saturation. 

Figure 6.11 shows the accurately calculated as well as the 

measured swing curve for the micro-alternator when the field is 

excited directly from a steady battery supply. The agreement is 

good apart from some discrepancy during the first swing, which may 

be due to other losses not allowed for. 

Figure 6.12 shows the accurately calculated swing curve for 

a reduced field resistance and the measured curve when the t.c.r. 

(see Sect. 5.3.2) was used. The discrepancy between calculated and 

test results of Fig. 6.12 is too large to have been caused by 

uncertainty of the parameters. Closer investigation of the re-

cordings of the alternator field current and the t.c.r. exciter 
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output voltage Ve  (see Fig. 5.5) showed that the existing t.c.r. 

was not responding fact enough when applying and removing the short 

circuit, especially when close to the alternator. In practice this 

meant that the effective field resistance was not being kept con-

stant at the value R
fb es used in the calculations. 

The exciter output voltage V
c should respond in such a way 

that under all conditions the power dissipation i
f
2 
 R
f 

is supplied 

by the exciter set. However, due to the slow response of V 

.2 after application of the fault, a certain amount of the i
f
R
f 

loss 

is not supplied from the exciter but is drown from the kinetic 

energy of the alternator's rotating rotor. This effectively 

decreases the available accelerating torque from the prime mover 

and makes the braking effect larger. A similar effect in the reverse 

direction occurs when the fault is subsequently removed. The 

test curve of Fig. 6.12 shows a larger and longer back swing and 

a higher peak value of b after the fault has been removed, thus 

confirming the above deductions. 

Thet.c.r. had previously been used for less severe conditions 

than the short circuit. Plans are in progress to replace the rotating 

machine type of t.c.r. by one using transistors. 

It is interesting to note that the calculated curves of 

Figs. 6.11 and 6.12 show the difference between a typical small 

laboratory machine with a high field resistance (Fio. 6.11) and a 

typical large alternator with a low field resistance (Fig. 6.12). 

The results indicate the type and magnitude of error involved when 

conclusions drown from a small commerial machine are extended to 
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a large practical machine. 

According to the calculated curves of Fig. 6.13 the unidirec-

tional torque is initially of similar magnitude or both values 

of field resistance, but denays more rapidly with high field 

resistance. 



Fig. 6.1 Load angle after a short-circuit on the Goldington system. 
r = 0.3 D.U., 	= 0.6 p.u., H = 5.3 sec. 

Curves: 	(a) Test, (b), Accurate method (c) Npnrox. method. uo 
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CHAPTER 7 

7. NUMERICAL INTEGRATION TECHNIQUES  

7.1 General  

The transient response of a synchronous machine is described 

by non-linear equations which can be solved by using a numerical 

method and a fast computing aid. 	The time taken to solve the 

equations is therefore directly related to their complexity, the 

order of the numerical method and the speed of the computing device. 

This chapter presents the results of studies about the accuracy and 

overall digital computer time, when various integration routines are 

used to solve the machine and system equations. 

The solution of an "integrable variable" (IV) is found by in-

tegrating the derivative of the variable, for which the expression 

is a differential equation in terms of other system variables. The 

solution of a "non-integrable variable" (NIV) is found by calculating 

its value from an algebraic expression in terms of other system 

variables. 

The "approximate method" (see Sect. 4.2.2) uses algebraic 

equations (4.11) to (4.13) and (L1.17) to (4.21) in conjunction with 

differential equations (4.14) to (4.16) and the dynamic equation 

of motion (4.23). Tkd9  Tkq 
T
f 

and b are obtained from the differen-

tial equations by a relatively simple step-by-step method of integra-

tion. 

The ."accurate method" (see Sect. 4.2.3) uses algebraic equations 

(4.11) to (4.13), (4.21),(4.24) and (4.25) in conjunction with dif- 
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ferential equation (4.26) and the dynamic equation of motion (4.23). 

Tkd' Tkq' Tf' 6,i0  and iq  are obtained from the differential 

equations by a complicated numerical method of integration. 

In the practical system at Goldington, the machine is equipped 

with an automatic voltage regulator and the prime mover has a governor. 

These regulating devices have additional differential equations of 

both first and second order as explained in Sect. 5.2. 

Several methods of solution were used for the Goldington system. 

Using the experience so gained, calculations for the c.w.r. micron 

machine were worked out to reduce the computer time. The 

micro-machine had no regulator or governor, but they could readily be 

included. 

7.2 	Methods of solution for the  Goldinqton  system 

7.2.1 	The approximate method  

The socond order differential equation of motion can be roe 

ranged as suggested by Crary
24
. 	When the approximate method is 

used to represent the machine, the additional differential equations 

can also be rearangod in a form suitable for the trapezoidal rule of 

integration. This rule consists of adding the product of At and Yr; 

(the slope of y at tn) to yn  in order to find Yn+1. 
 The approximate 

curve in Fig. 6.1 has been calculated in this way, using a time 

stop of 0.001 sec. and the ratio of computer execution time to real 

time of 3 seconds, is approximately 14.1 (the CR ratio) on an 

IBM 7090 digital computer. The maximum step length is limited by 

the feedback circuits of the control mechanisms rather than by the 
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machine equations. This is the simplest method of solving the ap-

proximate representation of such a single machine system. 

7.2.2 	The accurate method  

When the accurate method is used, it is possible to "arrange" 

the equations and the sequence of the solution in several ways to 

suit the particular numerical method of integration. 

The terms "method of integration" or "integration routine" 

refer to Euler's trapezoidal method, the Runge-Kutte method, or 

the Kutta-Merson method. 	By "arrangement" is meant the arranging 

or grouping together of certain equations in a form most suitable 

for a particular method of integration. As an example, Fig. 7.1 

shows an arrangement where the machine's five differential equations 

(Eqn. 4.26) are grouped together in a "block" and solved by the 

method of .Runge-Kutta while the turbine, a.v.i., torque and load 

angle equations are arranged or grouped into three other "blocks" 

and solved by the trapezoidal method. 

Only one arrangement was us'd in the study of the Goldington 

system but two methods of integrating the machine's differenti61 

equations were investigated, viz. a fourth order Runge-Kutta and a 

fifth order Kutta-Merson method. During the solution the fifth order 

method provides information which may be used to adjust the time 

step and hence decrease the CR-ratio even further. However, a 

fixed value of time step was used for both methods for comparative 

purposes. 

The main feature of Fig. 7.1 is that one of these higher order 
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Fig. 7.1 Flow chart for a short circuit calculation (accurate method). 
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Fig.7.2 Load angle curves for micro-machine system as computed 

by various numerical techniques. (see Table 7.1) 
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(d) At = 0.035 sec. 	(c) At = 0.0005 to 0.001- sec. 
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integration routines is applied only to the block labelled 'PLANT'. 

At the end of each step, the solution transfers to the main program 

and the algebraic quantities (NIk's) are calculated while the 

differential equations of motion 	and the equations of the tur-

bine and governor and of the automatic voltage regulator are solved 

by the first order trapezoidal method. 

The accurate curve of Fig. 6.1 was calculated according to 

the flow chart in Fig. 7.1 while using a Kutta-Merson routine with 

a time step of 0.0002 sec. The step length may be increased but 

accuracy would be lost. A Runge-Kutta routine required a time 

step of 0.0001 sec. to render the same accuracy. The CR-ratio 

using Kutta-Merson on the IBM 7090 was approximately 80 while it 

was 30 on an I[M 7094-11 computer. However this ratio may be im-

proved significantly by using Predictor-Corrector methods (see 

Sect. 7.3) to solve the differential equations in 'PLANT' since 

the major portion of computer time is spent on this subprogram. 

7.3 	The Micro-machine System  

The micro-machine system of Sect. 5.3,which has no governor 

or automatic voltage regulator to add any additional differential 

equations to those of the machine, is used to examine the merits of 

different ways of arranging the computation. 

7.3.1 	The approximate method  

The equation of motion can be rearranged and together with the 

other algebraic °qua ions of the approximate method (see Sect. 4.2.2) 

may :then be solved by the trapezoidal method. 
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Curve (a) in Fig. 7.2 has been calculated for the micro-machine 

with reduced field resistance. A comparison of the CR-ratio , 

accuracy etc. as a function of the stop length At, appears in 

Table 7.1. 

7.3.2 	The accurate method  

As mentioned in Sect. 7.2.2 there are several possible ways 

in which the system equations may be arranged when using the "ac-

curate method" (see Sect. 4.2.3). In this section the effect of 

various arrangements is considered for the single micro-machine 

system having two types of equations viz. the differential equations 

for the IV7s like id , iq  and the algebraic equations for the 

NIV's like torque and terminal volteee, as explained in Sect.4.2.3. 

The different arrangements are illustrated by the flow charts of 

figures 7.1 and 7.3. 

(1) In Fig. 7.1 the algebraic equations in the block named 

'ALGEBRA' are kept separate from the differential equations in the 

block named 'PLANT'. The integrating routine (IR) solves the dif-

ferential equations in 'PLANT' after which the program transfers 

to 'ALGEBRA' where the NIV's are calculated, Some NIV's for 

example V
bd' 

 Ubq and v, appear on the right hand side of the IV 

equations in 'PLANT'. Since values for the NIV's are only calcu-

lated at the end of each step, the method assumes in effect that 

the values at the end of the 	(n)th step remain constant during 

the (n+l)th step during which the IV equations in 'PLANT' are 

solved. Hence the solution of the NIV equations is always ore step 

behind that of the IV equations. In order to maintain accuracy, 
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Table 7.1 	Ratios of computer time to real time. 

Arrangement 
of 	equations 

Time step 
At, 	seconds 

CR 
ratio 

Accuracy 
within 1.0 

Graphical display 
 

Fig. 	Curve 

Approximate 

Method. 

0.0005 

0.001 

0.005 

0.010 

0.035 

2.710 

1.800 

1.055 

0.965 

- 

YES 

YES 

YES 

YES 

Mathm. 
Unstable 

7.2 

7.2 

7.2 

7.2 

7.2 

a 

a 

a 

a 

d 

Accurcte method. 

Arrangement 	(1) 

Figure 7.1 

0.0005 

0.001 

0.005 

0.010 

0.012 

8.312 

4.712 

1.828 

- 

- 

YES 

YES 

NO 

NO 

Mathm. 
 Unstable 

	

7.2, 	7.4 	c 

	

7.2, 	7.4 	c 

	

7.2, 	7.4 	b 

	

7.4 	a 

	

7.4 	d 

Arrangement (2) 

Figure 7.3 

0.0005 

0.001 

0.005 

0.010 

0.012 

13.758 

7.438 

2.360 

1.734 

- 

YES 

YES 

YES 

NO(2) 

Mathm. 
Unstable 

7.4 

7.4 

7.4 

7.4 

7.4 

c 

c 

c 

c 

e 

Arrangement(3) 

Figure 	7.3 

with 	Predictor-

Corrector method 

0.0005 

0.001 

0.002 

0.005 

7.516 

4.322 

2.712 

- 

YES 

YES 

YES 

Mathm. 
Unstable 

7.4 

7.4 

7.4 

7.4 

c 

c 

c 

f 
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the solution has to use a relatively small step length. 

(2) 	An improvement on the arrangement of Fig.7.1 is that 

shown in Fig. 7.3 where the NIV and IV equations appear together 

in the 	'PLANT' block. This moans that when the integrating rou-

tine solves the differential equations at various intermediate stages 

within an interval At, the algebraic calculations for new values of 

the NIV's are also performed. 

In the execution of a digital computer program the Runge-Kutta 

routine transfers the execution through 'PLANT' four times during 

each interval. Since the major portion of computer time is spent 

by the integration routine going through 'PLANT', a computation 

with the same time interval would generally increase the CR-ratio 

if the number of equations in 'PLANT' were increased. However, in 

this particular example the results show that a longer interval may 

be used without forfeiting accuracy, since the NIV's and IV's are 

solved simultaneously within each step. 

In order to establish which arrangement required less overall 

computer time, the following computational test was performed using 

the Kutta-Merson routine. In Fig. 7.2 Curve (c) is the accurate 

numerical solution according to both arrangements. An appreciable 

error shown by Curve (b) is introduced when using the arrangement 

of Fig. 7.1 	with a time step of 0.005 sec., whereas the error is 

less than 1% when the same time step is used in the arrangement of 

Fig. 7.3. 

For At = 0.005 sec. the CR-ratios are 1.828 and 2.36 respectively. 

However, the arrangement of Fig. 7.1 does not meetthe requirement of 1% 
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accuracy, and At must be reduced to 0.001, for which the CR-ratio 

is 4.712. The results (see Table 7.1) of various computations show 

that the CR-ratio is not directly proportional to At, because 

different parts of the program are differently related to At. 

(3) 	Whether Fig. 7.3 gives a smaller CR-ratio than Fig.7.1 

for the same accuracy, depends upon the number and complexity of the 

differential and algebraic equations. Depending upon the ratio of 

differential to algebraic equations, a lower CR-ratio may be 

achieved by the use of integrating routines belonging to the 

Predictor-Corrector 	class. Such a routine would solve the 

equations in 'PLANT' only once or twice during each step, instead 

of four or five times. 

The fifth order Kutta-Merson method may be used as a starter 

for the fifth order Predictor-Corrector method of Hamming . When 

a discontinuity occors the solution is temporarily transferred back 

to Kutta-Merson for a few steps after which Hamming takes over again. 

Table 7.1 shows the comparative results of such an arrangement. 

A 4
th 

order Runge-Kutta would not be satisfactory as a starter 

for a higher order Predictor-Corrector method. 

7.4 	Resume of integration methods and arrangements  

The results in Table 7.1 for the micro-machine only are 

obtained from five basic differential equations of the alternator 

plus two first order differential equations for the mechanical motion. 

The CR-ratios do not include compilation time and therefore 

give some qualitative indication of the CR-ratio' that could be 

expected from an on-line computation assuming that the entire program 
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is not compiled before every execution. For an accuracy of within 1% 

the minimum CR-ratio is 0.965 when using the "approximate method" 

of Sect. 7.3.1. The choice between arrangements (2) and (3) 

depends upon the equations of the particular system and has to be 

found by test runs. In the present study on the micro-machine sys-

tem it is evident that (2) is faster when At = 0.005 sec. 

According to the approximate method the currents and flux 

linkages vary slowly in relation to the a.c. cycle while the accurate 

method shows (see Sect. 6.2) that these quantities contain a fun-

damental frequency component. This accounts for the large difference 

in the time step required for the two methods. 

Curve (d) in Fig. 7.2 and Curves (d), (e) and (f) in Fiq.7.4 

show how rapidly mathematical instability occurs for the higher or-

der integrating routines as At is increased. 

Further computations have shown that when arrangement (2) is 

used to solve the complete Goldington system, the CR-ratio is 3.5 

when At = 0.005 sec., while arrangement (3) produces a CR-ratio of 

4.1 when At = 0.002 sec. The fifth order Adoms-Bashforth method 

was also used in arrangement (3) as a starter for the Hamming method 

but the CR-ratio was higher than when using Kutta-Verson as a star- 

ter. 	Another possible way of reducing the CR-ratio is to change 

the step length during the solution. However the step length of 

0.005 sec. in arrangement (2) is already too largo to permit the 

drawing of a smooth 50 Hz wave and step length would have to be 

decreased to 0.001 sec. for display purposes, in which case ar-

rangement (3) becomes more useful. 

---000--- 
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CHAPTER 8 

B. CALCULAlIONS OF TRANSIENT STABILITY  

8.1 Instroduction  

Developments in electrical-supply systems have brought about a 

change in the conditions under which generators have to operate. 

During lightly loaded conditions, the generator often has a leading 

power factor because of increased charging currents in the modern 

high-voltage transmission networks, and may have to operate beyond 

the normal stability limit of the conventional synchronous machine. 

Moreover, the modern economic large turbo-generator sets have higher 

reactances and less inertia so that normal stable operation in the 

leading re Aion is reduced. 

The normal range of stable oeration of a generator with fixed 

excitation is severely limited at leading current if a reasonable 

margin is allowed, but it is well known that the range can be ex-

tended, by means of an automatic volta7e rec, ulater (a.v.r.) acting 

on the single direct-axis field winding
3 
 of a machiHe with a con-

ventionally wound rotor (c.w.r.). The limitations of all such systems 

at light load however, has been i)roved elsewhere
4
. 

The use of a second field winding on the quadrature-axis of 

the rotor, was first suggested as a means of improving the transient 

performance
39
. 	The idea of a quadrature axis regulated (q.a.r.) 

machine was pursued
4 

for steady operating conditions and a dramatic 

improvement in the steady-state stability margin was obtained when 

a suitable continuous feedback control signal (the rotor angle) was 

used to excite the q-axis winding. Another scheme to extend the range 

of steady-state stability and also to improve the transient stability, 
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has been developed by the C.E.G.0
9
,. 	In this scheme, the ocnerator 

has a 'divided winding rotor' (d.w.r.), that is, the rotor winding 

is divided into two sections, one displaced from the other. One 

section which is called a "torque winding" and performs a similar 

function to the quadrature winding of Ref. 5, is excited by a feed-

back signal derived from the generator terminal load angle. The 

other section, called the var-winding or reactive-winding, is ex-

cited by a voltavo regulator. In the light of the stability limi-

tations of the c.w.r. machine, and the recent above mentioned de-

velopments of the d.w.r. machine, it was decided not to pursue the 

stability studies of the former (see PART TWO) any further but 

rather to investigate the stability problems of the latter. 

PART THREE of this thesis deals with the stability problems, 

steady-state and transient, of such a divided winding rotor machine. 

The equations are developed, following the generalized machine theory, 

for the case of a field winding on the d-axis as well as on the 

q-axis. The field windings of the d.w.r. machine are not neces-

sarily on the d and q-axes, but a transformatiom matrix is used to 

replace the physical field windings by two fictitious windings, one 

on each axis. The transient and steady-state performace of the 

d.w.r. machine is then studied by treating it as a fictitious 

q.a.r. machine. Sl]eady-state stability computations arecorroborated 

by test results on a new 3 kW d.w.r. micro-machine (see Chapter 10) 

et Imperial College. 
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8.2 	Transformations for the Field Windings  

The divided winding arrangement can be accommodated in the 

conventional turbogenerator-rotor slots by using, instead of the 

single conventional concentric type winding, two double layer lap-

windings. Fig. 9.1 is a winding diagram the 3 kW d.w.r. micro-

machine which was designed to simulate a large d.w.r, turbo-alter- 

nator. 	The T-winding in Fig. 8.1 is used as the torque-winding 

and R as the reactive-winding the windings are identical and 

symmetrical and the angle between their axes is 67.5 degrees. 

A schematic layout of the ckw.r. machine appears in Fin. 8.2. 

Windings a,b,c, are the conventional three-phase stator windings 

while t and r represent the torque- and reactive windings respectively. 

The damping effect is represented by the conventional kd- and 

kg-windings. 

Fig. 8.3(a) shows the equivalent generalized machine represen-

tation of the actual field coils r and t. Fig. 8.3(c) shows two 

fictitious field coils fd, fq which are used in the following sec- 

tions to replace mathematically coils r and t. 	In a general cave 

it is possible to use the same base quantities for where N
r 
 Nt

, 

the various field coils by reducing them to equivalent coils with 

equal numbers of turns. In a per unit system where 

N
fd 

= N
fq 

= N
t 
	 ( . ) 

only the r--coil need be replaced 	by an equivalent coil 

r
eq 

as shown in Fig. 8.3(b), such that 

i
req 

= iN 
r 

 

where 	N 	= Nr/Nt 	 (8.2) 
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Fig. 8.2 Schematic layout of divided winding rotor 

generator. 

130 



fd 

(a) 
	

(b) 

Fig, 8.3 Equivalent diagram of the'd.w.r. field windings with rotating armature and stationary field. 
(a) Actual field windings r and t. 

(b) Actual winding t and equivalent winding rel. 
(c) Fictitious field windings fd and fa. 



132 

The effect of saturation is neglected in the Following trans-

formations. The sign convention is according to that of Ref.22 

whore positive applied voltage causes positive current to flow which 

produces positive M.M.F. and flux linkage outwards along the coil 

axis in Fig. 8.3. 

8.2.1 	The current transformation  

The axis field currents 
i
fd and if  

q 
are defined as the cur-

rentsin fictitious coils, located on the axes, which would sot up 

the same rotor M.M.F. wave as the actual field currents i
t 
and ir. 

 

The maximum of the sinusoidal M.M.F. wave due to the current 

i
t 

in coil t of Fig. 8.3 is proportional to i
t 

and occurs at 

the axis of the coil that is at the angular position Ø.  The 

M.N.F. wave due to i
t 

may be resolved into two components, one 

alone each of the direct and quadrature axes. The amplitude of the 

direct-axis component is i
t
cos0

t 
and the amplitude of the quadrature- 

axis component is -i
t
sinO

t 
, 

The direct-axis component of the resultant rotor M.H.F, wave 

due to the combined action of the r and t-coil currents, is equal to 

the amplitude of the M.M.F. wave due to the current ifd 
in the 

direct-axis field coil. Hence 	ifd is given by 

i
fd 

=
t
cos0 + Ni cos0

r 
	 (8.3) 

Similarly the quadrature-axis field current ifq 
is given by 

i
fq 	

itsin 
	

+ Ni
r
sin0

r 
	 (8.4) 

The "transformation" equations giving the fictitious currents 

in terms of the actual currents are therefore expressed by the 



v fd 

of  q 

v 
t 

vr 

(8.9) 

following matrix equations 
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cos0
t 

Ncos0
r 

-sin0
t 

Nsin0
r 

fd 

1f ❑  

 

t 

 

(8.5) 

   

 

ir 

 

Thu equations of the "inverse transformation", givinn the 

actual currents it,  i
t 
in terms of the fictitious currents i

fd 

fq 	
are obtained by solving the above equations. 

sin0
r 

-cos0
r 

X X 

sin0
t 

cos0
t 

NA NA 

it 

ir 

where X = sin(0
t 

+ 

fd 
(8.6) 

 

fq 

 

(8.7) 

8.2.2 	The voltage transformations 

In the units chosen, the power dissipation of the fictitious 

coils is the same as for the actual coils. Hence 

v ir  + vtit = vfdifd + vfqifq 
	 (8.8) 

By substituting the expressions for the currents given by Eqns. 

(0.5) and (0.6), it can be shown that the voltage transformation 

equations are 

sin0
r 

sin0
t 

X NA 

-cos0
r 

cos0
t 

A NA 



v
fd 

of  q 

The equations of the inverse transformation are: 
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cos0t 
	-sin0

t 

cos0
r 
	N sink 

v t 

8.3 General Equations for the D.W.R. machine 

The d.w.r. machine is studied by using the generalized machine 

theory
22 

and taking account of the additional field winding on 

the q-axis. 	It is assumed that there is no saturation. Speed 

changes ore allowed for in the voltage equations as well as the 

la% and pTq  terms. 

8.3.1 Basic equations 

The fundamental equations for the machine only arc as follows 

(8.11) 

(8.12) 

(8.13) 

(8.14) 

(8.15) 

(8.16) 

vd = d + 	
q + raid 

v = Of + Of + r i 
q 	d 	q 	a q 

V
fd 

= (rfd  + (Lmd  + Lfd)p)ifd  + Lmdpid 
+ Lmdpikd 

vfq = (rfq 
+ (L

mq 
+ L

fq
)p)i

fq 
+ 

Lmq.piq 
+ L

mq
.pi

kg 

vkd = 	= LmdsPifd 	(rkd 	P(Lmd 	Lkd )) ikd 	Lmdpid 

vkq  = 0 = (rkd  + (Lmd  + Lfg)p) ikci+ Lmd.pig  + Lmq.pifq  

for the voltages, and 
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T
d 

= L
mdfd 

+ L
md
i
kd+ Ldd

i
d 

T
q 
= L

mqfq 
+ 
Lmqkq 

+ L i 
qq q 

'kd 
= L

kkd
i
kd 

+ L
mdfd + Lmdid 

T
kg 

= L
kkqkq 

+ 
Lmqifq 

+ L
mq
i
q 

'fd Lffdifd Lmdid Lmdikd 

Tfq  = Lffqifq 	Lmqiq  + Lrildikd  

(8.17) 

(8.18) 

(8.19) 

(8.20 

(x.21) 

(8.22) 

for the flux linkages, 

while the electromagnetic torque is given by Eqn. (4.11). 

If during a step of the calculation, ifd  etc. are obtained 

using the axis equations, they are readily transformed to ir' 
it 

ect. by the transformation equations and used in the reoulator 

equations; or vice versa. 

8.3.2 	Lauivalent circuits end operational impedances 

Figure 2.4 shows two equivalent circuits, one for each axis, 

wh_ch can be used to assist in the analysis of the d.w.r. synchronous 

machine. The quantities in the network of Fig. 8.4(a) satisfy Eqns. 

(8.13), (8.15) and (8.17), and the quantities in the network of Fig. 

8.4(b) satisfy Eqns. (8.14), (8.16) and (8.18). 

The expressions for T
d 

and Tq  can be written as 

Xd(p) 	
G
d
(p) 

Td w id + w 	
v
fd 	

(8.23) 

X (p) 	G (p) 
T - 	

qw 	q  
 v

fq 	
(8.24) 
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(a) Direct axis 

• (b) Quadrature axis 

Fig. 8.4 	Equivalent circuits of a d.w.r. 

synchronous machine. 



T = 
qo Wrfq (Xfq 

+ X
mq

) 
1 

T" 
qo 

T" 

where 
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(1 + T'p)(1 + Tp)X 
d 	d  

(1 + Tdo
d  

p)(1 + T" 
o
p) 

(1 + T'p)(1 + T"p)X 
q 	q q  

(1 + T'
qo
p)(1 + T' p) 

qo 

(1 + Tkdp) 	X
md 

(1 + Tdo
d  

p)(1 + T" 
o
p) a r

fd 

(1 + T
kq
p) 	X

mq  

(1  + 1.1qo g P)(1 + T"o 
 p) ° r

fq 

X (p) - 

X (p) = 

Gd(P) = 

G (p) 

(8.25) 

(8.26) 

(8.27) 

(8.28) 

8.3.3 	Fundamental machine constants 

Listed below are some of the generalized machine theory q--axis 

constants which differ from the values given in Ref. 22. 

= quadrature-axis transient open-circuit time constant. 

TT = 
q (x 

	4. 
X
mq

X
a 	) 

wrrq 	fq 	X
mq 

+ X
a 

= quadrature-axis transient short-circuit time constant. 

1 (X + mq 	fg  ) 
rkq  kq X

mq 
X
fq 

= quadrature-axis subtransicnt open-circuit time constant. 

1(x 	4. 
X
mq

X
fq.

X
a 

63 	kq 	X
mq

X
a 

+ 
XmqXfq 

+ X
a
X
fq

) 
rkq  

= quadraturo-axis subtransient short-circuit time constant. 

X X 



T
kq 

 
X
kg 

cor
k q 
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= quadrature-axis damper leakage time constant. 

X T' 	X
mq

X
fq  

q 
X' - q q 	X + Tq

o 	a 	X
mq 

+ X
fq 

= quadrature-axis transient reactance 

X" 
X 
q 	q 
T'T" 	

X = 	
X
mq

X
fq

X
kg  

q 	
g T' o g 

T"
o 	

a 	X
mg

X
fg 

+ 
XmgXkg 

+ X
fg

X
kg 

= quadrature-axis subtransient reactance. 

8.4 	Parameters of the Fictitious Field Windings  

During a step of the computation, the excitation voltages vr  

and v
t 

are transformed to v
fd 

and v
fq 

which are substituted in 

the basic machine equations. It is therefore necessary to know the 

numerical values of the following fd, fq parameters which can be 

calculated either by transforming known r, t parameters, or from 

experiments described in Sect. 10.1.2; 

rig, 
Lffd, 

 rig, Lffq  in Eqns (B.13), (8.14), (8.21) and (8.22). 

The "parameter tra,-,sformation" can be found by transforming the 

following r, t voltage expressions into fd, fq quantities 

v
r 

= (r
r 

+ L 
rrp)ir 

+ NL
mtr t Pi 	) 

) 
) 

v
t 
= (r

t 
+ 

Lttp)it 
+ NL

mtr
pi
r 	) 

) 

(8.29) 

where L
rr,  Ltt'

is the complete
22 

inductance of windings r, t and 

L
mtr 

is the mutual inductance between windings r
eq 	

and t. 



Eqns. (8.29) con be rewritten as 

Ev.1 r,t = [Z] r ,t []r ,t 

where the r,t-impedance matrix is 

r 
	

t 
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[Z] 
r t 

r
r 

+ L rrp  L
mtr

p  

L
mtr

p r
t 
+ L

tt
p 

The current and voltage transformation Eqns. (8.6) and (8.9) ore 

used to find the fd, fq-impedance m trix (8.30) 

fd 
	

fq 

1-Z1 L 	= 

r
fd 

+ L
ffd

p 0 

0 r
fq 

+ L
ffq 

(8.30) 

where 

20t  + rtsin20r)/X2  
rfd = (rreqsin  

r
fq 

= (r
req

cos
2
0
t 

+ r
t
cos

2
0
r
)/X

2 

) 
L
ffd 

= (L
rreq

sin20
t 
 + L

tt
sin2  0

r 
 + L

mtr
sin (°

r 	J4t ))/X2  ) 
) 
) 

0,_»/X2  ) cos
2

ttcos
2
Or  L L

ffq 
= (L

rreq 	0t + L mtr
cos(0

r 	L 
) 
) 
) 

r
req 

= rr/N
2 

) 
) 
) 

L
rreq 

= L
rr

/le 	 ) 
) 

(8.31) 
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8.5 	Equations for a Transient Disturbance  

The basic system being considered is the single machine case 

shown in rig. 2.1 except that the alternator is a d.w.r. machine. 

As in the analysis of the c.w.r. machine of Sect. 4.2, there is a 

"standard method", an 	approimate method" and an "accurate method" 

of solution. Only the "approximate" and "accurate" methods are 

studied here in detail. 

8.5.1 	The approximate method 

The assumptions of Sect. 4.2.2 are valid and the pT
d 
and pT q  

terms are neglected. 

It may be seen from Appendix II that when the secondary 

currents i
fd 

and  i
kd are eliminated from Eqns. (8.17),(8.19) 

and (8.21), the flux linkage is obtained as 

oT = Xi 	w(xn 	fd + kd N  
d d 	a"X

fd 	Xkd 

(compare Eqn. (4.12)). 

(8.32) 

Similarly, if i
fq 

and ikq are eliminated from Eqns46.10),(8.20) and 

(8.22) 
, 

wT = X"i + w(X" - X )(--1-2  + 
q q 	a X

fq 	

X1,

kq 

(compare Eqn. (4.13)) 

(8.33) 

When the "approximate method" is used, the damping torque can 

not be separated from the total electromagnetic torque but is 

automatically taken care of by the rate at which the secondary flux 

linkages T
fd 

T
fq 9  Tkd 

and  T
kq 

are allowed to change. When the 

four secondary currentsikc19 ikg, ifg  and i
fq 

are eliminated from 

the basic equations (see Appendix II ), the expressions for the rates 



141 

of change bccome- 

- X
a) Omdid 	

X
md

T  
1 	 kdl 

PTfd =  vfd Td
o 	(x t 	xa ) L 03 	 X

kd J 

 

Xa )Xmd  
T
fd 

(1 + 	) X
kd

X
fd 

   

  

(8.34) 

(compare Eqn. (4.16)) 

1 	—(Xq_ 
" - X

a 
 ) - Xmdig 	XmdTkd l 

pT = v + 
fq 	

--- 
fq 	T a 	q - Xa)- w 	X

kg 
 

 

.4 	

7 fq [ 	

4.  ( 	

X

Xlc;1  - X )X 

2 mg.] 
kq

X 
 fq 

  

(8.35) 

1 	
- Xa )id 	(XJ, - Xa )Tfd  

PT 	
d 

kd = T" 
o 	

X
fd 
	 - T

kd 

 

(8.36) 

(compare Eqn. (4.14)) 

   

1 
pT= ---- 
kq 	T'1 

qo 

-(X' - X )1 
q a q 

(XJ1 	Xa )Tfq  

T  X
fq 	kg 

(8.37) 

  

   

(compare Eqn. (4.15)) 

The relationship between the voltage behind subtransient 

reactance and the machine terminal voltEgo is (see Sect. 4.2.2) 

vmtd = raid 	Xqiq 	vd 	) 
) 
) v

mtq 
= r

a
i
q 

+ X"
did 

 + v
q ) 

(8.38) 

where v" and v" 	for a d.w.r. machine are given by: 



Xd Xa) 1  
T
fdo = T do

v 
 fdo - Xa ) 

_ o 

1 
X
kd 

ldo 

qo 
T
fqo 

= T' v 
qo fqo 

X 
mqq  
(X" - X

a
) 

 

1 	1 
(X

q  
v  - X 

a
) X

kg 
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v" = 	SX"i + (X" - Xd)w(1-8)1 	+ 
kq 

L q 	

fq 

fq 	kg- 

v" = SX"i 	w(1-S)(X" - X )L
fd  
--- + T

kd 
 d d 	

L 
a ,Xfd 
	

X
kd 

(compare Eqn. (4.38)) 

(8.39) 

The relationship between the terminal voltage and the infinite 

bus voltage Vb  is given by Eqns. (4.19) and (4.20) as 

v
mtd 

= V2 V
bd 	

Ri
d 	

v i 
wq 

v
mtq 

= V7 V
bq 	

Riq 
	w 
+ ->! vi 

d 

(4.19) 

(4.20) 

The step-by-step solution of a transient disturbance can be 

computed as follows - 

Steady-state Conditions  

From a knowledge of the active and reactive power at the machine 

terminals, it is possible to find the bus power factor, -load angle 

and voltage. 	The values of id, iq,vq, v'cl are found from Eqns. 

(4.19),(4.20) and (0.38). Under steady-state conditions, 

Pwfd = PWfq =13Tkd 
	pT

kq 
= 0. Using Eqns. (8.34) to (8.37), the 

steady-state values of the secondary flux linkages 



	

(x" 	x )(X,  - X )i 

	

X v„ 	q 	q  -a q  r l 

	

fq j d 	Xkq  
T
fqo 

 

(Xq - Xa )  
X
kq 

w(x" - X a) Cl + 
(8.45) 

Y,
d 
 - X

a 	
X
d  
' - X 

\ v  

fd 
T
kdo 	

( 	
)i 	

A 
w 	/ do 	/ fdo 

X' - X 	X' - X 
T
kqo 

- ( 	q 
CO 

a)i
qo 

+ ( 	q
X 	

a)
fqo 

fq 
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(8.42) 

(8.43) 

In Eqn. (8.39), Tkd  and T
kq 

are replaced by their values from 

Eqns. (8.42) and (8.43). v" and v"
q 
 known and the slip is zero 

before the disturbance. This loaves T
fdo 

and T
fqo 

as°- 

X 	.v" + 
I- 	(id  - xa)(N - X a)idi 

fd L q 	X
kd 
(X 1  - Xa ) 

X
kd 

fclo 

co(x ,c; — Xa ) 1 + 
6-- 

(8.44) 

The values of T
do 

and T
qo 

are found from Eqns. (8.31) and 

(8.32) and Eon. (4.11) is used to compute the electrical torque. 

The steady--state values of v
fd 

and v
fq 

are found from Eqns. 

(8.40) and (8,41): 

X
a
)X
md 	

(X - 
v 	= T 	- i

do fdo 	fdo 	
- X

a
)w (1 + 	 

X
kd 

(X' - X ) 
(1 + 	q

x 	
a 	)/T' 

qo 
kg 

v
fqo 	

T
fqo 

- i
qo 

(X' - X
a
)X
mq  

(X' 	- X 
a
)w 

q  

 

(8.46) 

(8.47) 

The transformation Eqns. (8.10) are used to find v
to 

and v . 
TO 

Transient conditions  

After a disturbance to the system, the flux linkages 
ro Xkd' 

T 	, 
fq 

and 
 Tkq' 

the voltages vic; and v" and the speed v are 
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all assumed constent for the first stop of the calculation. 	The 

change in transmission line impedance is introduced into Eqns. (4.19) 

and (4.20) which, together with Eqn. (8.38), are used to find the 

new values of i
d 

and iq. New values for T
d 

and Tq  are found 

and used with i
d 

and iq  to compute the electrical torque. 

The acceleration and change in load angle are computed for the 

period At while the time rates of change of secondary flux linkages 

given by Eqns. (8.34) to (8.37) are used to find the now values 

of 
pfd' 'kd' 

T
fq 

and  T
kq 

after a time At. These new flux linkages 

are then used in Eqn. (8.39) to find the new v" and v" and the 

whole procss is repeated for the next interval. 

This method of step-by-stop computation agrees with that 

described in Ref. 33 except for the additional equations of the 

fq coil. 

6.5.2 	The  accurate method  

As in Sect. 4.2.3, this method includes the pi and 'DTq  terms 

and the terms which allow for the tr,rnsmission line and transformer 

inductive volt drop after a sudden change. 

Expressions for pTd  and pTq  are found by differentiating 

Eqns. (8.32) and (8.33) and used to obtain first order differential 

equations (8.48) for the primary currentsid' iq and secondary flux 

linkanes 	'fd9 Tkd' 
T
fq 

and  T
kq 

as shown in Appendix III. 
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i
d 

i 
q 

T
fd 

T
fq 

Tkd 

T
kg 

1 

vfd 

of  
q 

(8.48) 

The voltage expressions for the interconnection tie-line are 

V
mtd 

= 47 V 	- 	• 	n•
l 	

X 
bq 	w pid - Rid  - 7A") viq 

V
mtq 

= - V-2. w 	- Z 0  . 	. 	• 

	

bq 	w 'Iq + 
X v 

 w id 

where Vbd  = V bsin6 and V
bq
= V

bcos6 

(4.24) 

(4.25) 

A step-by-step computation which uses the above equations is 

described in Sect. 4.2.3. 

8.6 	Calculated Results of a Fault on a Large System 

In order to verify the validity of the theory and transforma-

tions derived in the earlier parts of this chapter, it was nec-

cessary to compare the calculations with test results. However, no 

test results on a large practical d.w.r., machine were available. 

A micro-machine with a divided winding, described in Chapter 10, was 
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available but could not be used for the present purpose because the 

existing t.c.r, was too slow in its action (see Sect.6.3). The 

verification had to be done by using the analogue computer results5 

of a hypothetical 30 MW d.w.r. system shown in Fig. 8.5. 

8.6.1 	System details 

The hypothetical 30 MW system includes a governor and turbine, 

transformer and transmission line similar to the 30 110 c.w.r, system 

in Sect. 5.2. Table 8.1 shows the physical parameters together with 

the fictitious machine parameters calculated from the transformation 

in Sect. 8.4 and expressions in Sect. 8.3.3. 

The main feature of the d.w.r. control is that the torque 

winding has a closed-loop rotor angle control, adjusted so that the 

reactive winding generates no torque ideally. The angle control is 

an essential part of the scheme and all the other features depend 

on it. 

In Fig. 8.6 the terminal rotor angle at  is derived from a 

phase-sensitive detector which measures the phase relationship of 

the generator terminal voltage to the output of a tacho-generator 

on the turbo-generator shaft. The form of the rotor angle control 

after the error-sensing or comparator stage is similar to that of 

the conventional voltage regulator of Sect. 5.2.2. 

The angle regulator equations are as follows in degrees, 

volts and secondsg 

Power-bias filter  

p 
m  

Pf - 1 +T p (8.49) 
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Fig. 8.5 	Block diagram of 30 NW d.w.r. system. 
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Fig. 8.6 Block diagram of rotor-angle control. 
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Table 8.1 	Generator  and system data 

For base armature values sof: Table 5.1 

 

Base r- and t-current 

Base r- and t-voltage 

Base r-- and t-impedance 

Mutual reactance  

r, t-axis Xmr, Xmt  

Reactive-torque winding Xtrm  

Leakage reactance 

Xa 
Xr' Xt 

Xkd' Xkq 

Transformer 

Reactance X1 
Resistance R1 

Transmission line 

Reactance X2 
Resistance R2 
Governor gain G1 

Calculated  fictitious values  

X" 
d 

 

422.6/I A 

88.63/1r2 kV 

209.7 ohm 

1.79 p.u. 

1.00 p.u. 

0.14 p.u. 

0.21 p.u. 

0.04 p.u. 

0.1154 p.u. 

0.0044 p.u. 

0.333 p.u. 

0.1215 p.u. 

0.000472 

0.171 p.u. 

0.270 p.u. 

6.58 	sec. 

0.889 sec. 

0.027 sec. 

0.1757 p.u. 

0.472 p.u. 

2.6 sec. 

0.69 sec. 

0.035 sec. 

0.42 p.u. 

0.14 p.u. 

0.00245 p.u. 

0.000975 p.u. 

X' 

T' do 
T' d 
T" d 
X" 
q 
X' 
q 
T' go 
T' 

T" 
q 

X
fq 

pfd 
r
fq 

r
fd 

  

    



Table 8.2 	Control system data 

      

 

Common data 

    

 

G
MS "as 

XS 
G 9 G

es 
T
ml 

T
m2 

T
x 

ems' T as 
T
XS 

Tes 
G
ml 

G
m2 

C x 

  

0.0139 

0.00525 

0.044 sac. 

0.1 sec. 

0.2 sec. 

0.1 sec. 

2.0 sec. 

52 

12.2 

2.65 

 

Voltaae  regulator  

C 
VS 

K
ml 

K
m2 

kim2 max 
V m2 min 

x max 
V x min 

 

0.000795 

56.6 V 

- 278.7 V 

45.7 V 

0.0 V 

131 U 

- 131 V 

Angle regulator 

E2 max 
E2 min 
E e max 
Ee min 

 

28.1 V 

- 17.45 V 

131 V 

0 V 

0.0417 

2.41 x 10-9 V/MW 

7.0 sec. 

 

Ge 
G b 
ti 
p 
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Comparator 
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E
1 
= G

e
(o

t 
- 

oref) 
 + G

b
P
f 

First magnetic cmplifior 

G
ml  

E - 	(E + E 	+ E ) 
as 	es 2 	1 + T

mip 	1 

E < E E
2 min "-= 2 	2 max 

Second magnetic amplifier 

G
m2 

E = 	E 

	

1 + T
m2

p 	2  

E 	E E
e min 	e 	e max 

Excitor and Rectifiers 

G 

Vt =
x  

E
e 1 + T

x
p 

Amplifier stabilizer 

E 	
Gasas p = 	E as 	1 -F T p 	e 

as 

(8.5o) 

(8.51) 

(8.52) 

(8.53) 

(8.54) 

Exciter stabilizer 

-G T p 
ES OS  

E Os = 1 + T p 	
V
t 	

(8.55) 
es 

Stead/2stete initial conditions  

The steady-state values of the regulator variables are found 

from the following expressions° 
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Gb 	
) 

oref = " 	
p

t 	'm G
e 	Vto/(GeGxdGm1Gm2)) 	) 

) 
) 

E 	= E 	= 0 	 ) 
es() 	aso 	 ) 

) 
) Eeo = vto/Gx 
) 

Ego = Eeo/Gm2 	
) 

 ) 
) 

Elo = E20/Gml 	 ) 
) 

(8.56) 

V
fdo and V

fqo are found from Eqns. (8.46) and (8.47) and used in 

the transformation Eqn. (8.10) to calculate Vto  for the angle regu-

lator and Vro for the voltage regulator. 

The same automatic voltage regulator of Sect. 5.2 is used, but 

the amplifier limits are different so that excitation current can 

flow in either direction. The values of voltage - and angle regulator 

parameters appear in Tables 5.2 and 8.2 

8.6.2 	Results for a three-phase short-circuit  

In this section digital computations are made and compared for 

a three-phase fault, using the "approximate method" and the "accurate 

method" described in Section 8.5. The calculations do not allow 

for saturation. Further computations are made for different con-

ditions on the same system. Particular emphasis is placed on the 

initial period to determine the effect of a "back swing" in the 

rotor angle (Sect. 6.2.3) 
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The initial conditions for the results in Fig. 8.7, appear in 

Table 8.3. 

Table 8.3 	Steady state initial  conditions 

P
t

Qt 

p.u. p.u. 

V
mt 

p.u. 

I 

p.u. 

Lib  

p.u. 

ot  

deg. 

6 

deg. 

I
r 

A 

I
t 

. A 

0.8 -.225 0.963 0.863 1.044 30 52.65 -90.3 421.4 

0.2 -.225 0.963 0.313 1.049 30 36.7 75.9 91.4 

In Fig. 8.7 (a) the results calculated by the approximate- and 

accurate methods agree closely enough for a single curve to be 

drawn except where the accurate method gives 50 Hz oscillations. 

However, sime of the results are repeated in Figs.8.7(b) and (c) 

which clearly show the error introduced by the ap roximate method. 

The results are similar to that shown in Sect. 6.2 for a c.w.r. 

machine. There is no clear back swing, although the rotor angle 

remains constant for about 50 milli-seconds. Moreover the effect 

seems less severe on the rest of the system perhaps because the rotor 

angle is being controlled. In general the results of Fig. 8.7 agree 

with those of Ref. 5, the main source of error being the neglect in 

saturation. 

The curves for the two field currents I
t 

and I
r 
(see Fin. 8.7(c)) 

show a phase difference of 60°  which is also the angle between the 

axes of the two field windings on the rotor. This supports the 

statement in Sect. 4.1, that "after a short-circuit the flux 

wave represented by T
d 

and Y remains as a flux wave stationary with 

respect to the armature". The voltages induced in the field windings 

and the consequent currents are therefore of fundamental frequency. 
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The torque winding quantities are ahead in time because the torcue 

winding axis is ahead of the reactive winding axis (see Fig. 8.2)) 

in the direction of rotation. 	Curing the fault the approximate 

method gives values of field current which agree very closely with 

the moan value of the field current envelope. 

Figure 8.8 shows calculated curves similar to those of Fiu. 8.7 

but for the case of 0.2 p.u. active power. The initial conditions 

are listed in Table 8.3. The clear back swing for e lower active 

power confirms the earlier results of the c.w.r. system. 

The results of this section show that the transient response 

of a d.w.r. system can be studied by replacing the two actual coils 

r, t by two fictitious coils fd, fq. It also shows that the dis-

crepancies which arise between the accurate method and approximate 

method are similar to those of a c.w.r. system. 

---000--- 



159 

CHAPTER 9 

9. 	STEADY-STATE STACILITY THEORY OF 	D.W.R. REGULATION  

9.1 General  

Reference 4 showed that the steady-state stability of an alter-

nator can be improved by using a suitable feedback signal to con-

trol the excitation of a field winding on the q-axis when the ex-

citation of the d-axis field winding is adjustable but unregulated. 

It also showed that the q-axis field controls the active power and 

the d-axis field controls the reactive power. The equations for 

a machine with a field winding on each axis were linearized for 

small disturbances and the Nyquist criterion was used to cal-

culate stability limits which were verified by experimental re-

sults. Different feedback signals and regulators were used. The 

calculated results showed the effect of neglecting saturation and 

armature resistance. 

This Chapter uses the field transformation equations of 

Sect. 8.2 in conjunction with the linearized eqw,tions in Ref. 4 

to develop the open loop transfer function of a dow.r. machine 

with a voltage regulator controlling the reactive winding exci-

tation and an angle regulator controlling the torque winding exci-

tation. The Nyquist criterion is used to study the steady state 

stability of such a d.w.r, system. However, as an intermediate 

staoe the stability is investigated firstly for en angle regulator 

on the torque windingwhn-c the reactive winding excitation is ad-

justable but unrer:ulated, and this is referred tow an "angle re- 

gulator only" 	and secondly, a voltar2:e regulator on the reactive 

winding while the torque winding excitation is adjustable but 
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unregulated, and this is referred to as a "voltage regulator only". 

The angle feedback tries to keep the rotor at a fixed angle, refer-

red to as the "reference angle" with reference to the infinite bus 

or the terminal voltage. The value of the "reference angle" can be 

changed by the angle regulator. Stability calculations are made to 

show the effect of different values of reference angle as well as 

different values of tie-line reactance. The combined operation of 

an angle- and a voltage regulator is then investigated with particular 

interest 	in the influence of the regulators upon one another. 

The d.w.r. excitation control system shown in Fig. 9,1 can 

be represented by the block diagram for small oscillations in Fig.9.2. 

The input quantities in Fig. 9.2 are the torque and reactive winding 

excitation voltages and the transformed output quantities are ter-

minal voltage vmt  and rotor angle bt. Feedback derived from vmt 
and 

t 
arc used to regulate the excitation. For convenience vmt 

is taken 

as the value after the rectifier conversion. The system in rig. 9.2 

can however be rearranged in a more suitable form as shown in Fig. 

9.3 where the input quantities are v
fd 
 and v

fq 
while the ' physical 

excitation voltages and field transformations are treated as part of 

the feedback loops. 

9.2 System Equations  

All quantities are expressed in per unit. The linearised system 

equations around the point of equilibrium give the operational 

relations, i.e., the transfer functions between the input and output 

quantities. Using such relations the multifeedbacks are reduced to 

an equivalent single loop configuration and the system is analysed 

with the aid of conventional control systems theory. 
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9.2.1 	The machine  equations  

The principle assumptions in the mathematical development are 

no saturation, sinusoidal airgap fluxes and no slot effects. Also, 

since the frequency of oscillations in the system is quite low, 

the frequency depundent terms pTc, pTq  and pi) in the armature voltage 

equations ore justifiably neglected. For the purpose of the analyses 

and subsequent calculation, the external tic-line reactance Xc  is 

lumped with the machine's armature leakage reactance and the modified 

alternator is studied. The input transformation equation (9.1) for 

small 
	

perturbations is obtained from the linearized machine 

equations, (see Appendix IV.). 

and 

[CAP)]  

-X
d
(p) v

bdo 
r
a 

1 
-7bdo + raido - (Clo + 	3P  

2 
) 

1 
--2-vbqo + roicio 

-r
a 

v
bqo 

-X
q 
 (p) 

(9.2) 

where the suffix o denotes the steady state conditions, and 

Q
obdo

I
qo

- VbqoIdo 
	 ( 9 . 3 ) 

which is the reactive power at the infinite bus. 
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Fig. 9.1 	Schematic diagram of d.w.r. micro-machine system. 
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Pig. 9.2 Single line block diagram for divided winding excitation control. 
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There are three basic output quantities Aid, A5 and Ai 

and in noneral, three input quantities Avici,ATm  and Avfd. In-

version of the matrix (9.2) gives operational relations from Eqn. 

(9.1) between the output and the input quantities as 

Bd1(P)  Btl(P)  Bql(P)  

Bd2(P)  Bt2(P)  eq2(P)  

Bd3(P)  Bt3(P)  610(P)  

 

Av
fd 

  

Avid 

 

       

 

AT
m 

 

= [_3(q AT
m 

(9.4) 

 

Au
fq 

  

Au
fq 

 

G
d
(p) 0 0 

0 1 0 

0 0 G 
q
(p) 

where 

[B(P)1 = por- (9.5) 

The elements of the input transformation matrix (9.5) are 

given by the following expressions 

B
dl(p) = (X (P)(Qo 

+ Jp
2
) + V

2
bqo 

 - 2r
a
V
booqo

)G
d
(p)/D(p) 

Bd2(p) 	(-x
q
(p)v

bdo 
 + r

a
(2X

q
(p)I

do 
 - Vbd0) + r2z

a
2Icid) Gd(p)/D(p)12: 

B
d3
(p) = (V

hdo
V
bqo 	

r
a
(2V

booIdo 
+

o 
+ Jp

2
))G

d
(p)/0(p) 

B
tl
(p) = (X

q
(
p)Vbdo 

- r
a
V
bqo

)/VD(p) 

Bt2(P) = (Xd(P)Xq(P) + r2a )/D(P) 

B
t3
(p) = (-X

d
(p)V

bqo -raVbdo)/V
7D(p) 

B
ql
(p) = (V

bdo
V
bqo 

+ ra(go  + Jp2  - 2V
bdo

I
qo ))Gq(P)/D(P) 

Bd2(p) = (Xd(p)Vbd0 	ra(2Xd(p)Ido  + Vbd0 )+ r
2
a2Idd )Gd(p)/D(p).4E 

0g3(P) = (Xd(P)(Q0  + jP2)÷ Vb
2 
 do 	o 

2raVbd0I.0 )G 
q
(p)/D(p) 

(9.6) 
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where 

D(p) = 2 -
d(p)Xq(p) o + Jp

2 
 + VbqoYq(p) + VbdoYd(p) 

 

 

- 2ra(V bcipIcloYcl(p) 	VbdoIdoYd(p)) 

  

 

r2
(Vbdo 

I 
 qo  - Vbqo

I
do 

- Jp2)Y
d
(p)Y (p) a  

  

 

= X
d
(p)X

q
(p)D'(p) 

 

(9.7) 

while 	Gd(p) and G (p) arc given by Eqns. (8.27) and (8.28) 

If it is assumed that T
m is constant, the general input 

transformation equation (9.4) reduces to 

Bdl B
ql 

B
d2 Bq2 

B
d3 

B
q3 

which is the input transformation relation for the system in Fig.9,3. 

9.2.2 	Expressions for the feedback quantities 

The feedback signals or transformed output quantities are 

definite functions of the three basic alternator output quantities. 

The small changes of terminal voltal:e and rotor angle are related to 

the basic output quantities as follows 

Av
mt 

= Al(p).Aid  + A2(p).Ab 	+ A
3
(p).Aiq 
	(9.9) 

Abt  = Ai(p).Aid 	yp).A5 	ick(p).Aici 	(9.10) 

The following expressions for A(p) are the same as for a c.w.r 

system with voltage feedback because they are not affected by the 
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angle feedback signal in the d.w.r. system; 

Al p)=  (IdoXc 	Vcoo)XcRo/Vmto  

A
2
(p) =47P X R /V 

o c e mto 

+ Io0Xo )XnR o/Vmto  
A3(p) =4Vbdo 

(9.11) 

AZ(P) m
,,(_\ 

' (p) 
A2 

A'
3
(p) 

The expressions of 	Ar(p) 	derived 

-X
c
V
mtdo 

in Appendix 	V, 

2 
V
b 

+

2 

Q
o
X
c 

are 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

(9.12) 

VI-  V2  
mto 

V
bqo

V
mtqo 

+ V
bdo

V
mtdo 

= 	 . 
V
2 
mto 

X
c
V
mtqo 

Vmto 

= 
1/7 V2  

mto 

In these equations 

Po = Vmdo
I
do 

+ V
bqo

I
qo 

= 	 + 	I 	X 
Vmtdo 	

V 
bdo 	qoc 

V
mtqo 

= V
bqo 

- I
do

X
c 

V
bdo 

= V
b
sine)

o 

V
bqo 

= 	V
h
cost;

o 

R. 	= 	rectifier 	constant. 

) 
) 
) 
) 
) 
) 
) 

) 
) 
) 
) 

) 

(9.13) 

The values of Av
fd 

and Av
fq 

in Eqn. (9.8) are found from 

the 	voltagosAvr  and Av
t 

and the field voltage transformation 

(8.9) as 

Av
fd 

t.v 
fq  

	

M
dt 
	PI

dr 
	Ay, 

	

qt 
	M

qr 	
[ Ay

r 

(9.14) 



where 

M
dt 

= 

Mdr  

Mot 

M
qr 

= 

sin 0_ 
N 

sin 0, 
X 

-cos 0 
x 	r 

cos Ot  
X N 

16G 

(9.15) 

From Eqns. (9.8),(9.9),(9.10) and (9.14), it can be shown that if 

the armature and tie-line resistances are neglected, 

E
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E
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(9.18) 
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3 
	

3 

E22(P)  = Mdt 	Al!i(P)Bdn(P) + Mgt  > A;1(P)Bgn(p) 
n=1 	n=1 

(9.20) 

The two regulator output voltages are 

Av
TO 

= H
r
(p). Av

mt 
(9.21) 

Av
to 

= H
t
(p) . A6

t  

which can be combined with equation (9.16) to show that 

Hr(p)Ell(p) Hr(p)E12(p) 

H
t 
 (p)E21 

	' 
(o) H

t
(p)E

22
(p) 

Av
r 

(9.22) Avt 

which can be used to find the stable operating region of the system 

in Fig. 9.3. 

During the rest of this dhaptur it is assumed that the armature 

and tic-line resistance effect can be neglected. 
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9.2.3 	The open-loop transfer function  

The stability of the d.w.re system in Fig. 9.3 can be studied 

by moans of the Nyquist criterion when one of the feedback-loops 

is regarded as open while the other is left closed and regordod as 

part of the forward-loop. During steady-state operation at the 

point of equilibrium the reference voltages vti  and v ri 
	

do not 

change, so that 

Av 	Av 
ti 	ri 

If the angle feedback-loop is considered open at 'A' (see 

Fig. 9.3) while the voltage feedback-loop remains closed, then 

Av 
ro

= - Av
r 
	 (9.23) 

and if this value for Avro is replaced in Eqn. (9.22), it is found 

that 

E
12
(p)H

r
(p) 

Avr  =- 

	

	• Av t  1 + Ell(p)Hr(p) (9.24) 

Hence the open-loop transfer function is 

(9.25) 

Similarly, the voltage feedback loop can be considered open 

at '8' (see Fig. 'J.3) while the angle feedback loop remains closed. 

Now 	Av
to 

= Av
t 

and 

Av 
TO 

Av
r 

 

E21(P)E12(P)Ht(P)  
Ell(P) 	1 - E22(p)Ht

(p) 

 

Fr(p) = Hr (p) (9.26) 

    



The regulator transfer functions are 

H
r
(p) = K

r 
	(a ratio of polynomials in p) 
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(9.27) 
H
t
(p) = K

t 
	(a ratio of polynomials in p) 

where K
r 

is the voltage regulator gain and K
t 

is the angle regu-

lator gain (see Fige.10.9 and 10.10). 

9.3 	The Equilibrium Diagrams 

For any possiLle operating condition, that is, any point on the 

active-power/reactive-power chart (P 	Q chart) in Fig. 9.11 , a 

phasor diagram, referred to as an 'equilibrium diagram', can be drawn, 

but the system may or may not be stable. The distinction between 

equilibrium and stability is important in any control system. The 

phasor diagram tells nothing about the stability, which must be 

determined by one of the stability criteria of control-system 

theory. If, however, the system is in fact stable, the equilibrium 

diagram is useful in indicating relations between variables as the 

operating condition changes. 

Figure 9.4(a) is the conventional phasor diagram for a c.w.r. 

generator operating at a lagging power factor, with excitation on 

the direct axis. For equilibrium, the rotor angle b must be such 

that the diagram can close, end 6 therefore varies as the current 

phasor changes. 	With fixed excitation, the system becomes unstable 

if b exceeds about 900, but phasor diagrams can still be drawn 

for larger angles, and stability can often be maintained by using 

an appropriate regulator. 

Figure 	9.4(b) shows the phasor diagram for the same operating 

condition when the machine has a torque winding control which holds 
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Fig. 9.4 Lagging current condition with bus angle control9  
(a) Axis diagram of normal machine (conventional machine) 
(b) Axis diagram'of d.w.r. machine with angle control on torque winding. 
(c),(d) Armature-current pbasor diagram. 
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at a constant value with reference to the infinite bus voltage. 

Figure 9.4(c) shows the resultant armature current I, the power 

component I 	in phase with V
b' 
 and the reactive component Iv at 

right angles to V b. 

From Fig. 9.4(b) 

V
od 

= Vbsinb - I X q  

V
oq 

= V
b
cosb + I

d
X
d 

where Xd and X 	include the tie-line reactance. 

The voltage V 	in a d.w.r. machine, consists of two com-

ponents, namely V
oq 

which depends on the fictitious direct-axis 

field current Ifd' 
and V

od 
which depends on the fictitious 

duadrature axis field current I
fq' 

as followsz 

Xmd  
 V
oq 

= 	I 
fd 

V = La 
od 	

I 
 fq 

The field transformation Eqn. (8.5) is used to find that Voo  and 

V
oq 

depend on the physical field currents as follows 

X 
V 	= 	(1 COSO

t 
+NI

r
cos0

r
) 

o 	
MO 

q 	t 

V 	= 
x
mq  (It

sin0
t 
+NI

r
sin0

r
) 

od 

(9.30) 

(9.31) 

If armature armature and tie-line losses are neglected, the machine's 

electrical torque is equal to the power Po  at the infinite bus, 
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Now 

P
o 

= V
b
I
p 

and Q
o 

= V
b
I
v 

also Ip  = I
d
sinb + I cosb 
	

(9.32) 

- I
v 
= - I

d
cosb + I sinb 
	

(9.33) 

The expressions for I
d
sinb, I

d
cosb, I sinb and I cosb, in 

terms of the actual field currents can be found from Eqns. (9.28) 

to (9.31) and substituted in Eqns. (9.32) and (9.33) to show that 

Ip  = It(Keinb cos
°'t 

+ K
q
cos6 sinOt)+NIr(Keinb cosOr  

V, 
K 	

2 
cosb sinOr) - 	sin26(Y

dq
) (9.34) 

and I
v 
= - I

t
(K

q
sinb sinOt  - K oloosb boat ) 

+NI
r
(K

q
sinb sin0

r 
+ K

d
cosb cos0

r
) 

- V
b
(Y

e
sin

2
b + Y

d
cos

2
a) 
	

(9.35) 

where 

K = 
d 	v

xd 

K 
q 

X 
mq  

1/7X 
q 

Assuming that b is held constant at a reference value equal 

to the angle Or  between the r-winding and the d-axis, and that 

the machine has zero saliency, so that K
d 

= Kq  = K, and 

Y
d 

= Yq  = Y, Eqns. (9.34) and (9.35) become 

Ip  = ItK sin(Or  + Ot ) 	 (9.36) 

Iv  = KItcos(Or  + Ot) +NKIr  - VpY 	 (9.37) 

X 
md 



Hence, the active power Po  VbI 
 

current It 
in the 'torque winding', while the reactive power 

Q
o 

= - V
b
I
v 

is controlled by both field currents. With zero 

excitation in both field windings Q
o 

= 	V
b
2 
 Y. 	These results arc 

only obtained because there is an independent control holding 6 

equal to 0r 	and also because there is zero saliency 

Fig. 9.4(d) shows the relationship between field currants and 

the components of armature current. Now 

LR = I , 

OL = KIt, 

OR = Itsin(Or  + 00 

MN = 	Itsin(Or 	Ot)). 

At any operating condition therefore, 

KIt  = OL 

'NKI
r 
= MN - OR. 

The conditions are somewhat modified when the generator angle 

6t 
is used ae a feedback signal, since 6 is not held exactly equal 

to the reference value 0r 
although it is still approximately true 

that only the torque winding controls the active power. 

9.4 	Steady-state Stability of a D.W.R. Micro-machine 

The stability of the d.w.r. micro-machine system in Fig. 9.3 

(see also Fig. 10.1) is studied by applying Nyquist's criterion to 

the open-loop frequency response to determine the stability of the 

closed-loop. The closed-loop system is stable if its open-loop 

response locus encloses the (-1,0) point in the complex plane 
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is controlled only by the 
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counter clockwise a number of times equal to the unstable poles 

of the open-loop transfer function. 

The open-loop response locus depends on the gains of the two 

reeula6ors and on the steady state operating condition determined 

by the machine terminal voltage. Eqn. (9.25) can be used to find 

the limiting Kt  for a given value of Kr, active power P
o 

and 

reactive power Q0, and curves relating Kt  to Q
o 

at the stability 

limit can be obtained for different values of P
o and K. Eqn. 

(9.26) can likewise be used to find the limiting Kr for a given 

value of K
t 

and similar sets of stability limit curves are obtained. 

However, the two groups of curves give the same information and 

for the purpose of this thesis it was decided to use Eqn. (9.25). 

The micro machine has two idendical field windings r and t, 

and 

N
t 	

N
r 
	9 
	N = 1; 

Ot = 0, 
= 

0 	X = 2sinOcos0; 

so that the elements in the voltage transformation matrix (9.14) 

reduce to 

M
o
. 	M 

Mot dr 2cos0 
(9.38) 

-M 	= M 	- 
qt qr 2sin0 

This section is devoted to a steady-state stability study of 

the following combinations of regulators and some useful analytical 

expressions are derived where possible 

1. 	A proportionate bus ''angle regulator only". Computations 

are made to show that the maximum negative reactive absorption 

dependson the value of the "reference angle" (see Sect. 9.1). 

1 

1 
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2. A proportionate terminal angle regulator only. Computations 

are made, as in (1) above, to show the effect of different values 

for the reference angle, and also that the stability limit is 

least sensitive to changes in Po  when the reference angle is equal 

to the angle 0r 

3. A proportionate "voltage regulator only" to show that, although 

the torque winding has a fixed excitation, the system is controlled 

in the same way as a volt-::e rcqulator controls a c,w.r. machine. 

4. A proportionate angle ret1,ulator and a proportionate voltage 

regulator. 

5. A derivative angle regulator, with proportionate terms plus 

first- and second derivative terms, and a proportionate voltage 

regulator. The importance of time delays in the regulators are 

examined. 

9.4.1 	Proportionate bus angle regulator only 

Consider the case of the divided winding control system in 

Fig. 9.2 with the torque winding excitation regulated by a bus 

angle signal while the reactive winding excitation is adjustable 

but unregulated, i.e., bus "angle feedback only" (see Sect.9.l). The 

voltage regulator transfer function Hr
(p) is zero and 

11 1
1
(p) = 0 

AZ(P) = 1 
	

(9.39) 

A3(P) = 0 



Hence, the transfer function becomes 
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(-X 	(p)Vbdo 
 Gd 

 (p)Mdt  + Xd (p)Vbqo 
G 
 q 
 (p)Mqt 

 )H
t 
 (p) (9.40) 

Ft(p) = 	 2 	2 
- Xd(P)Xq(P)  [Q0 

+ Jp 4- V2bqo Y (P) 	VbdoYd(P)] 

Vbdo rldtXmdYd(1 	pTkd)Ht(p) 

V7rfd(1 + pT)D1(p) 

XmgV 	+ pTkt(p) 

firfq(1 	13-1 1 )(1 + IDT")D'(p) 
(9.41) 

For a given value of Qo 
the transfer function given by Eqn.(9.40) 

does not contain the active power Po, hence the same result is ob-

tained at any power level. 

A Nyquist plot of Ft(jw) where w is the small oscillation 

frequency, is used to determine the maximum and minimum stable 

values of the gain Kt as a function of o 	
The value of Kt min 

required to stabilize the otherwise unstable system is given when 

the zero frequency point of Ft(jw) crosses the (0, -1) point in 

the complex plane. 

Therefore, U0  at Kt min  can be obtained from Eqn. (9.41) 

by putting 

p = jw = 0 

and Real(Ft(0))= - 1 

So that 

X
mqq

M
qt

V
bqo 

Ari rfq 

X
md

Y
d
V
bdo

M
dt 

r
fd 

Q Kt min 

J 

2 	2 
- Vbqo

Yq 
- Vbdo

Y
d 

(9.42) 



K
t min 	Y V 	Y 

 
Xmq q bqoMqt 	Xmd d

V 
 bdoMdt 

rfq 	rfd 

(Q + V 	Y + V2  Y ) 
bqo 	q 	bdo d 

(9.43) 

or 
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Thus the minimum gain is proportional to the amount by which the 

reactive compensation (-00) exceeds-(V1 
	
+ V

bdo
Y
d
) 

The maximum gain K
t max 

is reached when the Nyquist locus 

of Ft(jw) reaches the (0,-1) point. To satisfy this condition the 

imaginary part of F
t
(jw) must be zero and the real part equal to -1. 

Equating the imaginary part to zero also yields the natural mode 

of oscillation at a frequency w
n
. However, the expression con-

taining wn  is of sixth order and is cumbersome to 

Eqn. (9.42) shows that the relation between 	and K
t min  

depends on V
bdo 

and V
bqo 

which are functions 	of the reference 

angle 6. Results of calculations to find the value of E) for maximum 

negative reactive absorption, are given in the rest of this section. 

It is seen that this value does not equal Or  (see Sect. 9.3) and 

that the reactive winding current effects the active power. 

9.4.1.1 	Bus angle E,  held at 33.75°  

If the "reference angle" is chosen as 33.75°  it means that 
• 

the axis of the r winding coincides with the resultant air-gap 

M.M.F. 	The M.M.F. determines the flux and hence corresponds to the 

infinite bus voltage if leakage reactance and tie-line impedance are 

neglected (see Figs. 9.7(a) and 9.4(d)). 

The numerical values of the system parameters are substituted 

in Eqn. (9.40) and the Nyquist loci of F
t
(jw) are calculated by a 
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digital computer. 	The values of K
t min 

and K
t max 

are obtained 

for various values ofQ
o and Fig. 9.5 shows the stability limit 

curves for the system described by Eqn. (9.40). 

Thu region AB is defined by K
t min 	in Eqn. (9.43) and 

corresponds to the zero frequency point on the Nyquist plot. The 

region DC for the ideal angle device and no damping is defined 

by K
t max, obtained when F

t
(jw

n
) goes through the (0, 1) point 

on the Nyquist plot. If a linear scale was used for K
t the region 

AB would be a straight line. For Kt  c:Kt min, instability is of 

the drifting type because it is associated with zero frequency; 

whereas at a gain Kt> 
Kt max' instability is oscillatory with a 

natural frequency wn. 

When the practical angle device with filter time delays is 

considered as part of the transfer function, the high gain limiting 

curve BC without damping in Fig. 9.5, is shifted to DC because the 

delays add to the total system phase shift and at a particular 

frequency the gain margin is reduced. 

The curve DE was calculated with damping while FE allows for 

an external time delay tit  of 0.5 seconds (see Sect. 10.4.1). 

9.4.1.2 	Bus angle 6 held at 0°  

If the "reference angle" is chosen so that the d-axis (the 

mid-point between r and t windings) coincides with the resultant 

air-gap M.M.F., (sec Fig. 9.7(b)), then 6 = 0, V
bdo 

= 0, and 

V
bqo

Vb. 	Under these conditions for the ideal angle device, =  

Eqn. (9.43) becomes 
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(9.44) 

when damping is neglected and the time delay is zero. Furthermore. 

the natural frequency is 

Q 	+ v2Y q  (9.45) 
n 

=
J 

and 

  

1/1-vb  (y, - q )rfg - 	q  K t max
q
M
qtmq 

(9.46) 

Eqn. (9.46) therm ore shows that, subject to the assumptions 

made, the maximum gain is a const0nt value at all values of active 

and reactive power. 

The maximum steady state reactive absorption limit is reached 

when Kt min  = Kt 
max'  and Eqns. (9.44) and (9.46) yield 

= - V2Y' 
o max 	b q 

This liJ,iting point on Curve (1) in Fig. 9.6 is marked at 

o = - 1.48 p.u. However, the effect of damping and the delays of 

thopractical angle device decrease this maximum to - 1.4 p.u. 

9.4.1.3 	Bus angle b held at 66.25°  

If the reference angle is 66.25°, the resultant airgap M.M.F. 

is displaced by about 90° from the axis of the torque winding 

as seen in Fig. 9.7(d). The stability limit for this condition is 

found from Egn.(9.41) end shown by Curve (3) in Fig. 9.6. 



V-2-V (YI 
K
t max 

Yd )rfd  
YdMdtXmd 
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9.4.1.4 	Bus angle b held at 90°  

The reference angle can also be held at 90°  as in Fig. 9.7(c). 

The transfer function is given by Eqn. (9.41) while the minimum gain 

is 

K.
t 	= min 

V-2-(0.0  + VbYdrfd  
(9.47) Xmd Yd VbMdt 

and the maximum gain is 

(9.48) 

Equations (9.47) and (9.48) yield the maximum reactive absorption 

as 	
2 

Q 	= - V Y' o max 	b d 

This limiting point is shown on Curve (4) in Fig. 9.6 as 

- 2.07 p.u., but the damping effect end practical angle device reduce 

it to -1.96 p.u. 

The roles of the d and q-axes are therefore reversed compared 

with a reference angle of zero as in Sect. 9.4.1.2. 

9.4.2 	Proportionate terminal angle regulator only  

For the case of terminal "angle feedback only" the value 

of Ar'l(p) is given by Eqn. (9.12) and the expression for E22(p) is 

given by Eqn. (9.20). The open-loop transfer function given by 

Eqn. (9.28) becomes 
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X
c
H
t 	- V
(p) 

+ V
2
Y (- Q

o
V
mtdo 	bdo

(Q 
 o 	b c Ft(p) 

iri1mt
2 Dt(p) 

XYci(p)V, 	p )X mdy 
 d(p)m 

dt  
c  ego o 	r

fd 

+(Q
omtqo 

+ V
bqo 

 (Q
o 
 + V

b
2
Y 
c
) 

XmgYgMoltt  
+ Xc

Y
d
(p)V

bdo
P
o
) 	 rfq 

(9.49) 

= V7(Q 	2  Kt min 	o + V bqo
Y 
 qdoYd)/P  

whore p 

2 
XcXmdYd(-QoVmtdo 	Vbdo

(
Qo 

+ V
bYc

)- XcybqoPo) 
Xmd

Y
d
M
dt 

V
2 

r 
fd mt 

2 (Qomtgo + bqo
(Q

o 
+ VbYc)  + X

o
Y
d
V
bdo

P
o
)X
mqq

M
qt  

2 rfqVmt 

(9.50) 

Hence when b
t 

is used as the angle feedback signal, it is no 

longer true that Ft(p), and hence the limiting gain, is independent 

of P. 	At zero load the function Ft
(p) in Eqn. (9.49) is similar 

to that of Eqn. (9.40) but contains additional factors; ' 

is given by Eqn. (9.41), so that the curve AB in Fig. 9.5 K
t min 

is also valid for the terminal angle feedback at zero load. Further-

more, K
t min 

also depends on the reference angle öt  and the 

tie-line reactance X
c
. Calculations were made to determine the 

influence of b
t 

and X
c
. 

Fig. 9.8 shows the calculated stability limit cirves when 

damping is allowed for. The high gain limit is more sensitive 

to load then the low gain limit and at no load the maximum reactive 

absorption is equal to the value obtained for the bus angle regulator 
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only, at about the samb value of gain (sue Fig. 9.5)1 	The rotor_. 

angle is 33.75°  at zero load but as the load indreasos, 6 increases 

slightly because the terminal voltage changes due to the drop in 

the 0.186 p.u. external tie-line reactnnce. The steady-state 

stability limit curve therefore changes as the load varies. The 

two curves in l ig. 9.8 have been calculated for zero- and 	0.8.  

p.u. load respectively. The difference between them is quite small 

in this case, but would be greater for a larger tie-line reactance. 

9.4.2.1 	The effect of different values of b
t 

Figs. 9.9(a) and (b) show curves similar to those of Fig. 9.6 

but for terminal angle control, when bt  is held at various values. 

The low gain limit curve at P
o 
= 0 is identical with that for bus 

angle feedback. There is a small difference in the maximum reactive 

absorption though, because the high gain limits are functions of Q
o
. 

The electrical torque of the d.w.r. machine is proportional 

to the component F
tgn 

 of the torque winding N.N.F. F
t 

in 

Fig. 9.10, and to the component F
rgn 

of the reactive winding 

M.M,F. After a small increase Ab
t 

in the angle, the regulator 

increases F
t 
by an amount AFt  = Kt.Abt. The ability of the d.w.r. 

machine to remain stable depends on the increase 

AFtgn Kt.4bt.sin02 

For a given Abt, AF
tgn 

is a maximum when °2 is 
 
90

o 
(6 = 90° 

	
0
2
). 

In other words, for the same AF
tgn

, K
t 
is a minimum when 0 = 90°  , 

which is confirmed by the results for zero power in Figs. 9.6 and 

9.9. 	These show that for a given Q
o 

the values of K
t min 

and 

Kt max are a minimum when 6 or b
t 
is 66.25

o 
(0 = 900) . 
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Now V
2
Y' = V2Yq if there is no transient saliency and the b d 	b  

maximum reactive absorption should also be obtained when b = 66.25°  

which means that a 5 or b
t 

equal to Or  = 33.75°  does not yield 

the maximum value for the maximum reactive absorption. 

Fig. 9.10 Phasor diagram of d.w.r. M.M.F.'s  

For the four cases shown in Fig. 9.9, Curve (2) for 

bt  = 33.75
o 

shows the least variation when Po 
varies from 

0 to 	0.8 p.u. but it does not have the highest reactive absorption. 

Furthermore, when Po  is increased, the low gain regions for 

Curves(1) and (2) move in a direction opposite to that of Curves (3) 

and (4) and correspond to voltage reculator action on a c.w.r. 

machine, where, for a given K
t min' 

the reactive absorption 

increases as P
o 

increases (see Fig. 9.11). 

Therefore, holdingbt  = Or  does not necessarily give the 

largest stable operating range in the negative current region, 

although the limit of stable operation is relatively insensitive 

to load variations. 
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9.4.2.2 	The effect of additional tie-line reactance 

The effect of increasing the tie-line reactance X1 
(see 

Fig. 10.1) can be seen from the calculated reEults in Fig. 9.12. 

The lower value of X
1 

represents a typical tie-line while the 

larger value is an extreme case to illustrate the reduction in 

reactive aborption when P
o 

increases for a fixed value of Kt min. 

9.4.3 	Comparison of d.w.r.- and q.a.r.- system results 

The results of Sect. 9.4.1 and 9.4.2 for a d.w.r. system 

agree in general with those of Ref. 4 for a q.a.r. system. The 

common points are 

(a) A sharp cut-off of the high-gain limit for bus angle feedback 

when damping is neglected. 

(b) The low gain limit of bt = 66.25° 
 moves to the right (Fig. 

9.9) when Po 
increases. For both systems the P-Q relation is 

similar to Curve (c) in Fig. 9.11. 

(c) For terminal angle feedback the high gain limit flattens out 

somewhat. 

(d) The expressions for Kt min' 
Q
o max 

and 	w
n 

are similar. 

9.4.4 	Proportionate voltage regulator only  

A d.w.r. machine with a "voltage regulator only" gives results 

which are similar to those of a conventional machine. The 

transfer fuction is obtained from Eqn. (9.26) as 

Fr(P) = Hr(P)Ell(P) 
	

(9.51) 



E
11(p) = 	 

V
mto

[P(p)  
2 L- o 	Jp

2 
+ V

bqo
(p))V

mtqo 

R X e c 

where 
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+ P
o
V
bdo 	V bdOVbqoVmtdoYq(p)] Gd(P)Yd(p)Mdr 

[- V bqoUbdoUmtgoYd(13) 	Poubqo 

v
mtdo(Qo 	 VbdoYd(P))] J  Gq(P)Yq(p)Mqr 

Now 

Pd = Xmd YedrReXc/rfJ 

p
q =Xmqq

M
qr

R
e
X
c
/r

fq 

K
r 
= the voltage regulator gain 

K 	
= 

p
d <r  vd 	d r 

) 
) and 
) 

K
vq 

= p
q
k
r 	) 

) 

(9.52) 

(9.53) 

The low gain stability limit occurs where the 

Real (Fr(j0)) = - 1 

and the relation between reactive absorption Q0  and Kr 	
is 

min 
 

given 

Qo = 
	Kvd minb 

(-V2 
qo  Y  q 

Vmtqo 
+

o
V
bdo

-V
bdo

V
bcp

V
mtdo

Y
qmto -  

2 

- Kvq min(-vbdodmtdo 	Polibqo - bqoV bdoVmtqod )/avmto 

- (ki
2
bqo 

Y
q 	b 

+ V
2 
d Yd 

 )/a 
	

(9.54) 
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where 

Kvd min = PdK r min 

K
vo min 	

K
r min 

a = 1 - K
vd
cosbt  - Ksino

t 
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(9.55) 

At zero active load, Po  = 0 and the resultant airgap M.M.F. 

coincides with the axis of the reactive winding and not with the 

d-axis, so that b
t 
= 33.75. The reactive absorption is given by 

(V 
	 )/aV Qo = K

vd min bqoY q
V 	+ V 
mtqo 	bdo

V 
 bqoymtdo

Y 
 q 	mto 	Qol 

+ K
vq min

(V2 
bdoY d

V 	+ V 
mtdo 	bqo

V 
 bdo Vmtqcd

Vav
mto 

- (V2 Y + V
2 

Y )/a 
bqo q 	bdo d 

OSO 	Q o2 

4,45. Qo3 

(9.56) 

For an unregulated system, K
vd min 

= K
r min 

= K
vq min 

= 0 

= 1, 

and the reactive absorption is 

22 
Q 
DU 

= - 
Vbqoq 

- V
bdo

Y
d 

For a regulated system, however, 

Qo  =Q1  +Q2 +Qou  /a 

(9.57) 

(9.58) 

which shows that the excitation regulation of the reactive winding 

affects the reactive absorption at zero load because of saliency. 

With zero saliency (Y
d 

= Yq  = Y) the d-axis of thu mcatiino 

can be chosen to coincide with the r-axis, and at no load 
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Abdo 
= V

mtd 
 = 6

t 
 = 0, 	= 1 - K

vd min' 

V
bqo = Vmtqo

= V
mt 

Eqn. (9.57) simplifies to 

Q0  = - V b
2 
 Y 
	 (9.59) 

which agrees with results for a c.w.r. machine, i.e. the reactive 

absorption at zero load can not be increased beyond - V
b
Y
q 

irres-

pective of the typo of regulator on the d-axis. 

Fig. 9.13 shows calculated stability limit curves for a 

"voltage regulator only". 	The low gain region AO is associated 

with a drifting type of instability and the high gain region E3C 

with an oscillatory type of instability. 

9.4.5 	Proportionate angle regulator and proportionate voltage 

regulator 

The complete excitation control scheme of the d.w.r. system 

shown in Fig. 9.2 consists of both an angle and a voltage feedback 

circuit. In practice the more convenient terminal angle at 
 rather 

than the infinite bus angle 6, is used for the angle feedback. The 

transfer function for small disturbances to such a system, is 

given by equation (9.25) or (9.26). 

Consider a system which has a proportionate voltage regulator 

with the following transfer fuctions2 

H (p) = K /(1 + T p) 	 (9.60) 

Hr(p) = Kr/(1 + Trp) 	 (9.61) 

where T and T 	represent delays in the excitation system (see 
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Sect. 10.4.1). The steady state stability limit curves can be 

found when the Nyquist criterion is applied to the frequency response 

loci of Eqns. (9.25),(9.60) and (9.61). The results in Fig. 9.14 

have been calculated for different values of Kr, tit  and Tr
. 
 

A comparison of the results in Figs. 9.8 and 9.14 show that 

the addition of a voltage regulator to control the reactive 

winding excitation allows slightly more reactive: absorption in the 

K
t min 

region and little or no change in the Kt max 
region. The 

changes are less significant with low values of Kr  than with high 

values and ore also proportional to the value of Po
. The voltage 

regulator (a.v.r.) response when used in conjunction with an 

angle reoulator therefore depends in the same way on Po 
as without 

an angle regulator. However, an a.v.r. gain of 109  which is beyond 

the steady state stability limit of the a.v.r. without angle re-

gulator (see Fig. 9.13), does not cause instability because the 

angle regulator stabilises the otherwise unstable voltage regulator 

system. 

From the point of view of steady-state stability, the design 

consideration for the voltage regulator ale similar to those for 

a c.w.r. generator. Although the results in Fig. 9.14 indicate 

that K
r 

can be varied over an extremely wide range, the value 

should be chosen with due regard to terminal voltage recovery 

requirements on the one hand, and on the other hand guarding against 

voltage regulator high gain instability in case of angle regulator 

failure. 
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9.4.6 Derivative angle regulator and proportionate voltage regulator  

A voltage regulator only, with 0.5 sec. delay, can increase 

to about - 1.25 p.u. at K
r 

= K rm and Po = 	0.0 p.u. Q
o max  

(see Fig. ').13), 	In the previous section the 0.5 sec. delay a.v.r. 

together with the 0.5 soc. delay proportionate ango regulator 

increased Q o max at K
t 
= K

tmp 
to a value of - 1.1 p.u. (see 

Fig. 9.14) which is almost insensitive to changes in P
o 
and K. 

In an actual system the values of K
r 

and K
t 	

are fixed and not 

adjustable to suit each particular operating condition. Hence, if 

the criterion is maximum negative reactive absorption, the fixed 

values should be 

K
r 

= K rrn 

K
t 
= K

tmp 

when 

T
t 
= T

r 
= 0.5 sec. 

Those results, however, rely upon the fact that bt is exactly 

33.75°, i.e. that the r-axis always coincides with the airgap 

M.M.F., irrespective of P
o
. However, any finite value of K

t 

causes an error in bt. Moreover a large Kt  would tend to cause 

oscillatory instability. 

The value of K
tmp 

in Fig. 9.14 can be improved by using 

first and second derivative angle compensations to increase the 

gain margin and consequently the 	reactive absorption. The transfer 

function of the practical derivative angle regulator considered 

(see Sect. 10.4.1) is 
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Fig. 9.15 Steady-state stability limit curves. 
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H (p) = 1 .1p  
(1 + .01p)(1 + .01p) • 

 

    

.02p2 	K
t 

(1 + .01p)(1 + .01p)(1 + .01p)(1 +.02P) 	(1  +
t 

(9.62) 

The above transfui function gives significant compensation when 

tit = 0 for a system with an angle reoulator only. 

Equations (9.25),(9.60) and (9.62) have been used to find 

the stability limit curves in Fig. 9.15 for the derivative angle 

regulator and proportionate voltage regulator. 	It is seen that 

the derivative angle regulator allows a significant increases in 

and Q K
t max 	o max when tit  = Tr  = 0. 	Although a practical delay 

of 0.5 sec. in each regulator almost eliminates the compensation 

of the derivative signals, it does allow an increase in K t max 

depending on the required Qo mex • For a minimum Qo 
max  of 

very much on the regulator delays and especially on it since a 

change in T
r 

from 0.25 to 0.5 makes little difference to Curve (3) 

or to Curve (2) while a change in ti
t 

from 0.25 to 0.5 changes 

Curve (3) to Curve (2). 

The results of the present and the previous section show that 

the degree of overall d.w.r. system steady-state stability corresponds 

to the degree of stability of a d.w.r. system with only an angle 

regulator. 

---o0o--- 
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CHAPTER 10 

10. 	THE D.W.R. MICRO-MACHINE EQUIPMENT 

At Imperial College the "old" micro-machine (see Sect. 5.2) 

has only one winding on the rotor d-axis and can therefore only be 

used as a c.u.r. alternator. The "new" micro-machine has two 

symmetrical field windings t and r, which can be used in series for 

the purpose of a 	.w.r. alternator, or separately for the purpose 

of a d.w.r. alternator. The electrical angle between a field winding 

axis and the d-axis is the same for both windings i.e. 

Ot  = 0
r 

= 0 = 33.75°  (see Fig. 8.1). For a divided winding connec- 

tion the angle between the two winding axes is 67.5°. 

Test results about the steady-state stability limits of a 

divided winding rotor (d.w.r.) synchronous generator were obtained 

from the "new" micro-machine system (see Fig. 10.1) No parameters 

were available for a practical large d.w.r. alternator although 

parameters have been published
5 

for a "hypothetical" 30 MW 

d.w.r. turbo-alternator. The choice of per unit values for the 

micro-machine system parameters was based on discussions with the 

C.E.G.B., South Eastern Replan. 

10.1 	The Micro-alternator  

The new micro-alternator has a Mawdsley's
40 

stator. 	The 

divided rotor winding has auxiliary field windings for time constant 

regulation 	(see Sect. 5.3.2) and a squirrel cage damper winding. 

The cylindrical rotor is laminated an non-uniformly slotted. 

The design of the micro-machine was influenced by the following 

factors! 
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(1) A fixed airgap diameter and a fixed sttor design 

for a 4--pole machine. 

(2) Although the number of rotor slots per pole could not be 

greater than 6, the spacing and dimensions of the slots were chosen 

so that the machine simulated a large alternator as far as possible. 

10.1.1 	Connection of the field windings  

Each one of the divided field windings in Fig. 8.1 consists 

of two portions which can either be connected in parallel or in 

series. 	For the purpose of this thesis the series connection was 

used because it presents a higher resistance which limits the 

effect of brush contact fluctuations at the alternator sliprings and 

exciter commutator. 

For c.w.r. operation the two field windings can be connected in 

series in two ways viz. so  that the resultant M.M.F. coincides with 

the d-axis (cumulatively), or so that it coincides with the 

q-axis (differentially), These connections are shown in Fig.10.2 

together with the vector diagrams of the fundamental M.M.F.'s 

The machine parameters are measured by connecting the windings 

cumulatively as well as differentially and performing the standard
36 

d-axis tests for both connections. 

From the vector diagrams it is seen that 

Fd  = 2Ftcos0 	 (10,1) 

and Fq  = 2Ftsin0 	 (10.2) 

if F
r 

= F
t .

as in the case of identical symmetrical windings. 
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Fig. 10.1 Schematic diagram of d.w. r. micro machine system. 
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Fig. 10.2 	Connections of the field windings. 
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10.1.2 	Determination of parameters  

Magnetisation and short-circuit characteristics 

The magnetisation characteristics for the new micro-machine 

are different from those of a large turbo-alternator because the 

degree of saturation in the teeth is much larger. The open-circuit 

and short-circuit characteristics for 	one winding only and for the 

two windings in series cumulatively as well as differentially, ap-

pear in Fig. 10.3. Points on the three airgap lines satisfy 

Eqns.(10.1) and (10.2) to yield a value of 0 which is very close 

to 33.75
o
. The results of Fig. 10.3 are used to find the unsaturated 

values of X
md' 

X
mq 

and  X
mt 

= X
mr 

Effective field resistance  

As in the case of the existing c.w.r. micro-machine (see 

Sect. 5.3.2) the per unit field resistance of the d.w.r. micro-

machine is too large and one time constant regulrtor(t.c.r0 per 

field winding is used to control the effective resistance when the 

machine operates in the d.w.r. mode. However, during the parameter 

tests when the two fields are in series, i.e. in the c.w.r. mode, 

only one t.c.r. is used as the source of excitation. The existing 

t.c.r.'s function satisforalily at the frequencies of the small 

oscillations. 

T' 
do 

The feedback resistance R
fb 

(see Fig. 5.5) is adjusted until 

(when the fields are cumulatively) corresponds to that of a 

large 	machine. 	For this connection 	the effective 

number of turns of the two windings is 2Ncos0 (see also Sect. 8.2). 

If however, the two divided windings were excited separately (d.w.r, 

mode) but carrying the same current in the cumulative 	sense 	the 
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same M.N.F. as for c.w.r. opertion would result on the d-axis. 

The latter effect can be represented by a fictitious fd-winding of 

N turns (see Sect. 8.2.1). 

Therefore if R
fb2 is the feedback resistince in ohms for the 

2Ncos0-turn winding of the cumulative c.w.r. connection, then the 

feedback resistance for a fictitious N-turn winding fd on the 

d-axis is 

R
fb2  R

fbN 
- 
4cos

2
0 

In order to maintain the above-mesured value of Teo  in the 

dow.r. mode, the resistance R
fbN must remain unchanged. Use of 

the parameter transformation Eqn.(8,31)shows that the feedback 

resistance R
fbrt of a single winding in d.w.r. mode becomes 

R
fbN R

fbrt = 2 ohm (10.3) 

The value of T' 	measured from tests for the c.w.r. connedtion do 

has a maximum value of 4,17 sec. which cannot be exceeded because of 

limitations in the t.c.r. 	Furthermore the low lOop gain of the 

t.c.r. permits the residual voltage of the exciter to circulate 

an alternator field current without any applied field voltage t' 

(see Fig. 5.5). Hence, the relationship between field voltage and 

field current becomes non-linear at low values of e. To off-set 

this, a bias in series with e, but of opposite polarity, is used to 

reduce i
f to zero when e is zero. 

When a t.c.r. supplies one field winding only, the natural 

field resistance is less than the criticl resistance
41 

for the 

seriesexciter in Fig. 5.5. 	Only the feedback signal to the exciter 
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control fields limits the exciter output Celow an acceptable level 

when e (see Fig. 5.5) is zero. HowevcI, when a transient causes 

i
f to increase, the electronic amplifier feeding the control field 

soon reaches its output li.it in the proces of counteracting the 

series field effect. For higher values of i
f the effective field 

resistance is therefore no lonner R
fb° Since there are no taps on 

the exciter series field the problem was overcome by deliberately 

adding external resistance into the exciter load circuit. 

Inertia constant  

The inertia of the micro-alternator and d.c. driving motor was 

altered by adding a flywheel to the rotating system in order to 

have an inertia constant typical of a large alternator. 	Values of 

inertia constants for large turbo-alternators appear in Table 10.1. 

Table 10. 1 	Inertia  constants 

Machine rating, MW H, 	sec. 

660 3.84 

660 3.47 

500 4.1 

500 3.6 

500 2.8 

The parameters for the d.w.r. micro-machine with two time 

constant regulators appear in Table 10.2 



Table 10.2 	D.W.R. micro-machine and  system data 

        

        

 

Base stator voltaye 

Base stator current 

Base armature power 

Base stator impedance 

Base field voltage 

Base field current 
Base field.power 
Base field impedance 
Mutual reactance X

md(unsat.) 

Xmq(unsat.) 

Armature leakage reactance, Xe  

Armature resistance, ra  

Field leakage readtances' Xfd 

220 V, r.m.s. line 

7.87 A 

3000 VA 

16.14 ohm 

683.4 U 

2.19 A 
1500VA 
311.4 ohm 
2.22 p.u. 

1.97 p.u. 

0.1 p.u. 

0.0061 p.u. 

 

 

0.217 p.u. 

0.486 p.u. 

0.300 p.u. 

    

  

Xfq 
Xt9 Xr 

    

 

Field resistances, rfd9 
r
fq 

r 9  r 
r 

Transient reactance, X' 

X' 
q 

Subtransient reactance, X" 

0.00186 p.u. 

0.00416 p.u. 

0.00257 p.u. 

0.298 p.u. 

0.490 p.u. 

0.172 p.u. 

    

  

X" 
q 

0.203 p.u. 

    

 

Time constant 	T' do 
T' 

Tfld 
TI  
go 
T' 
q 

T" 
q 

Inertia constant 	H 

Divided winding angle 

Transmission line° 

Resistance R 

Reactance X, 

 

4.17 sec. 

0.536 sec. 

0.029 sec. 

1.88 sec. 

0.447 sec. 

0.035 sec. 

3.48 sec. 

67.5° 
 

0.0086 p.u. 

0.186 p.u. 

    

        

212 
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10.1.3 	Comparison with large hypothetical machine 

A comparison between the main parameters in Tables 8.1 and 

10.2 reveals important points summarized in Table 10.3 

Table 10.3 	Comparative data for a d.w.r. micro-machines e 

d.w.r. 30 MW machire5  and two large c.w.r. urbo-

generators42. 

Parameter 
d.w.r. 

micro-machine 
d.w.r. 
30 (?W 275 

c.w.r. 

11W 
c.w.r. 
500 11W 

s.c.r 0.43 0.5 0.45-0.55 0.40-0.48 

H 3.48 5.3 3.5 	-4.75 3.5 	-4.65 

Xt 
d 0.296 0.27 0.2 	-0.3 0.23-0.33 

X"
d  0.172 0.172 0.17-0.21 0.17-0.23 

Xq 0.490 0.472 

X"
q  

0.203 0.176 

T'
do 4.17 6.59 

T' do 

r
a 

1.88 

0.0061 

2.60 

0.002 

T"
d  0.029 0.027 

T" 
q 

0.035 0.035 

The only significant difference of parmameters in Table 10.3 

is still the high value or micro-machine armature resistance, al-

though it is about three times smaller than the resistance of the 

"old" c.w.r. micro-machine. A significant improvement on the 

damping performace of the old micro-machine is seen in the close 

agreement between the subtransient time constants of the "now" 

micro- machine and the 30 MW machine, The results of Table 10.3 
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indicate that the d.w.r. micro-machine parameters as a whole agree 

closely with the hypothetical 30 MW d.w.r. parameters and in some 

respects even better with the c.w.r. 500 MW turbo-generator para-

meters. Hence the test results of the new micro-machine in either 

the d.w.r. or c.w.r. mode should be closer to the results of 

a large machine than hitherto. 

10.2 	The Prime Mover  

The new micro-alternator is driven by a 4.94 h.p. 220 V, 

compound wound d.c. motor. 	The torque speed characteristic was 

not changed (see Sect. 5.3.3) because tests were confined to steady 

state stability only. Provision was made in the wiring of the 

d.c. motor supply for the turbine simulator mentioned in Sect.5.2.2 

to he swintched in easily. However, although the simulator was 

operational, it was not ready for general use at the time of the 

tests. 

10.3 	Feedback Signals  

For a d.w.r. machine to oper:te successfully as explained 

in Sect. 8.1, the excitation for the torque winding is controlled 

by a feedback signal proportional to the rotor angle while the re-

active winding excitation is regulated either by the terminal 

voltage or manually for test purposes. 

10.3.1 	The angle feedback circuit 

A signal proportional tothe angle of the rotor with reference 

to either the infinit:J bus (fixed supply) or the terminal voltage 

(see Fig. /0.1), is developed. A shaft driven a.c. tacho-generator 
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which generetes the frequency of the system gives e wave form whose 

phase with respect to the reference wave changes in accordance with 

the rotor position. Thus the rotor angle problem is converted 

into phase detection and generation of a voltage proportional to 

phase variation. A specially constructed phase detection circuit 

is described below. 

10.3.1.1 The angle device 

The angle device measures the angle between the rotating rotor 

body and a rotating reference axis i.e. the "rotor angle". The 

"load angle" is defined as the angle between the rotating resultant 

rotor M.M.F. F
o and a rotating reference axis. In a c.w.r. 

machine F
o 	is produced by a single field winding and is stationary 

with respect to the rotor body so that the "load angle" and "rotor 

angle" are equal. However, in a d.w.r. machine 	F
o 

is produced 

by two field windings and can therefore be moved around the rotor 

body so that the "load angle" and "rotor angle" are not necessarily 

equal. In fact, a suitable Control system will keep the rotor angle 

almost constant for variations in load and load angle. 

In the closed loop angle control of a d.w.r. generator, the 

loop gain depends on the slope of the angle device output characteris-

tic (see Fig. 10.7) and the sinewavp output of the "old" angle 

device
4  therefore introduces a variable gain which complicates the 

stability study. The "new" angle device described in this section 

has a linear output giving constant gain and the zero- output point on 

the 	calibration curve in Fig. 10.7 can be adjusted by the level 

control in Fig. 10.5(b) 	The output of the 'new" circuit in 

contrast to the "old" one, does not detect a change of up to 70% in 
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the amplitude of the signal voltage. This is particularly useful 

when measuring rotor angle to the terminals while the terminal 

voltal_le changes as a runction of load and excitation. 

There are various ways7, of determining the rotor angle de-

pending upon the method used to obtain a signal indicative of the 

rotor's position. The available 4-pole, two-phase sine wave 

tacho-generator was found most convenient. 

The tacho-generator output is connected to any one input of 

the block diagram shown in Fig. 10.4 and the reference voltage 

to the other input. The reference voltage con be taken either from 

the generator terminals or the fixed supply, depending on the 

type of control required and an isolating transformer is used in 

both cases so that the transmission line is not earthed by the 

angle device. 

The circuit in Fig. 10.4 consists of two identical channels 

which each produce a pulse every time its incoming signal crosses 

through zero. The pulses trigger a bistable circuit whose output 

has a mark-to-space ratio proportional to the phase angle. Suitable 

filtering follows at the output stages. A detailed circuit diagram 

appears in Fig. 10.5 and its operation is described below. 

The incoming signal is zenereC by Dl to limit the inverse 

base-emitter voltage of the transistor amplifier stage Tl. Capacitor 

Cl acceloratos the switching of 12 between the "ON" and "OFF" 

state. The maximum amplitude of the incoming signal is determined 

by the power dissipation capability of D1 which can be increased 

if necessary. The minimum signal amplitude should cause a negligible 

time lapse between zero-crossover of the signal and the output of 
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Table 10. 	4 	List of components in rig. 10.5 

Resistances 	— 1 	watt 4 

Al, 	014 - 10 K 	ohm 	(K) 024 - 	7.5 K 

R2, 	R4 - 	5.6 	K R26 - 12 K 

R3, 	- 120 K R27 - 180 ohm 

05, 	010 - 4.7 K R28, R29, 030 - 0 to 100 K pot. 
RE, 	R23, 	025 	- 	20 	K 031, R34 - 1.5 K 

R7 - 2.7 K 032, R35 - 20 K 

Re - 27 K R33. R36, 039 - 10 K 

R9 - 100 K R27 - 2 K 

811, 	R16, 	R19, 	- 5.6 	K R30 - 	7.5 K 

R12 - 47 K R40, R41 - 5.6 K 

R13, 	015 	- 82 	K 

R17 	- 	2.2 K 

R18 - 33 K 

R20, 	021 - 12 ohm 

022 - 7.93 K 

Capacitors 	 Diodes  

Cl, C8, C10 - 25 micro farad(mf) 	Dl - 3.9V, 400 mW zener diode 

02 - 2000 pf 	 D2, D3, D4, 05 - 0A91 diode 

C3 - 0.01 mf 	 D6 - OAZ202, 5.6J zener diode 

C4 - 47 pf 

C5 - 50 mf 

C6, C7 - 0.25 mf 

C9 - 1500 pf 

Cll, C12, C13, C14 - 0.1 mf 

Transinstors  

Ti, to T7 - 2N2926 (NPN) 

T8, T9 	- 2N2925 (NPN) 

T10 	UFY51 (NPN) 

Til 	2N3702 (PNP) 

0/A -- Integrated circuit operational amplifier, PLESHY TYPE 

5L7028. 
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Ti needed to change the state of T2. Transistors Ti and T2 

form the pulse shaper and squarer stage. T3 and T4 are emitter 

follower buffer stages, and each supplies a differentiating stage. 

Capacitor C2 and resistance R6 form the differentiator while C3 

blocks back any d.c. and the diodes D2, D3, D4 and D5 allow only 

one polarity of pulse to pass. The independent buffering of the 

pulses by T3 and T4 prevents any interaction between the two 

channels 'A' and 'B'. 

Having prevented any interaction of the channels on one another, 

the pulses are then combined at the eistable vibrating stage, 

T5 and T6, and the frequency of vibration is doubled (see Fig. 10.6) 

because both the positive-going and negative-going zero-crossovers 

of each wave are used. 	Transistors T7 and T8 form a cascaded 

buffer to decouple the next filter section. Ballast capacitors 

C5 and the combination of R20 and C8 stabilize the rail voltage 

and eliminate high frequency oscillations. 

The operational amplifier 0/A is an integrated circuit. The 

zener diode D6 allows the output from 0/A to swing both positive 

and negative while R12, R16, R18, C7 and C6 form a low-pass filter 

(see Sect. 10.3.1.2 ). 	An adjustable d.c. bias controls the level 

of the signal and provides the necessary small off-set required by 

the internal circuitry of the 0/A. 	Since R18 = 33 K and 

R12 = 47 K, the d.c. gain of the 0/A is 33/47 and the incoming 

siganl which swings between - 71! and + 7V is attenuated to 

values within the unsymmetrical + 6V and - 7V capability of the 

integrated circuit. 

Transistor T9 forms a buffer to the 100 Hz Twin-T filter and 

T10 is a buffer to the 300 Hz Twin-T filter while T11 buffers the 

external load. 
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The relationship between the output voltage Vo(Fig. 10.5) 

and the rotor angle, appears as a saw- tooth wave in the cali-

bration curve of Fig. 10.7. Good linearity isachieved over the 

0 
range from -90°  to + 90 with a sensitivity of 4.22 mV/deg 

which can be increased by further amplification. 

The circuit has been found reliable, robust and has the ad-

vantage of being linear. The bistable stage (Fig. 10.5) can be 

triggered by A2 and 02 only, to provide a linear output over a 

range from 0 to 360 degrees although the filtering becomes more 

difficult. 

10.3.1.2 	The filter  unit 

The filter unit accepts the superimposed square waves at 

H3(see Fig. 10.6) and gives out the d.c. component with a very much 

reduced a.c. component. It is designed in three stages. 

( ) to allow the low frequency variations of the d.c. component 

to pass with minimum possible attenuation anr'. delay. The theoretical 

transfer function of the practical angle device can however allow 

for the filter characteristics, 

(2) to give a notched attenuation at 100 Hz because this harmonic 

and multiples of it are generated as a consequence of the bistable 

switching action.' 

(3) to give a notched attenuation at 300 Hz for the sem() reason. 

The low-pass filter of stage (1), consisting of'the operational 

amplifier and R12, R16, R18, C7 and. C6, generates a transfer func- 

43 
tion with a second order polynomial 	in the denominator. 
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(10.4) 
Apt  + Bp + 1 

where K = - R18/R12 

A = R16 x R18 x C6 x C7 

= R16 x R181 	1 + 1) C7 
(R12 	R16 	R18 

The numerical values of these coefficients were chosf:n to 

obtain an attenuation of 12 db per octave from about 12 Hz onwards. 

The Twin-T filters
44 

generate imaginary zeros to suppress 100Hz, 

300 Hz with two transfer functions each of the form 

1 + T
2
p
2 

T
2
p
2 
+ 4,rp + 1 
	 (10.5) 

when the filter is balanced. The numerical values of all filter 

components appear in Mble 10.4. 

A transfer Function Analyser was used to determine the frequency 

response of the operational amplifier and filters. 	It was assumed 

that the transistor circuits before the 0/A (see Fig. 10.5) pro-

duced negligibib3e time delay. The test results appear in Fig. 10.8 

together with results calculatd from Eqns. (10.4) and (10.5) 

for the three filter stages. 

10.3.2 	The voltage feedback signal 

A d.c. signal proportional to the terminal voltage is obtained 

by using the same circuit as in Ref. 3. Six silicon diodes are 

used in a rectifier bridge circuit. Three single phase transformers 

with centre-tapped secondary windings isolate the bridge from the 

three phase terminal voltage and are connected in delta on the 

primary and six phase star on the secondary side. The dominant 
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harmonic frequency because of the rectifier oridge circuit is 300 Hz, 

it is attenuated by a Twin-T filter section. Higher noise frequencies 

arc attenuated by low-pass R-C filter sections in cascade. For low 

frequencies relevant to this study, it is fair to assume that the 

rectifier and filters do not introduce any appreciable phase shift . 

10.4 	The Reaulators and Associated Circuitry  

The simulation of the angle and voltage regulators was done 

on a small analogue conputer. In the following sections the regu-

lators and associated circuitry are described. 

10.4.1 	The angle regulator 

Two alternative types of torque winding regulators were used, 

namely, a proportionate angle regulator and a regulator with propor-

tionate and derivative signals. The proportionate regulator can 

be treated as a special case when the derivatives are omitted. 

In Fig. 10.9 is shown the derivative regulator with the following 

transfer function. 

( 1 + (1 	
.1p  

+ .0/p)(1 + .01p) 

.02p
2 	K

t 
 

(1 +.01p)(1 +.01p)(1 +.02p)(1 +.010)  1 + Ttp 
(10.6) 

The frequency response curves in Fig. 10.10 are for different 

values of ti
t 
in expression (10.6). The value of tit can be made 

zero to represent a thyristor excitation system, or it can have a 

finite value to represent the short-circuit field time constant of 

the conventional d.c. excitor of a large alternator. 
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In the circuit of Fig. 10.9 conventional differentiating cir-

cuits
45 

ore us,A to differentiate at low frequencies but to cut off 

high frequencies or noise, 'since the frequency range in this study 

is 0 - 4 Hz. However, in theoretical computations the effect of de-

lays is also considered, apart from the single main time delay tit. 

The angle signal from the angle device in Fig. 10.5 is applied 

to the point marked 'IN' on Fig. 10.9. The circuit marked '1' car-

ries the signal straight to the summing amplifier, the circuit 

marked '2' brings the first derivative end the circuit '3' the se-

cond derivative signal. The total signal passes through an amplifier 

with a time delay and the level is then adjusted by a precision 

decade potentiometer which controls the gain K t. The signal is 

carried through a buffer amplifier and a limiter to the input of the 

time constant regulator. The limiter circuit consists of two back 

to back Zener diodes which conduct if the signal exceeds I 16 volts 

and is used to protect the subsequent time constent regulator cir- 

cuitry. 	This protection is of particular importance when the feed- 

back signal contains a first or second derivative component which 

may increases rapidly to a large value during transient disturbances. 

The circuit described above represents the proportionate angle 

regulator when the fist and second derivative feedback circuits 

marked '2' and '3' are omitted. 

10.4.2 	The voltage regulator 

The analogue simulation of a single delay proportionate voltage 

regulator is shown in Fig. 10.11. An adder is used to sum up the 

feedback signal and the reference Vrefr 
which is 
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used to adjust the steady-state excitation of the system. A preci-

sion decode potentiometer is used to adjust the gain Kr  while 

the next st:2ge introduces the single time delay err. The signal is 

finally passed through a limiter (see `sect. 10.4.1) before it 

reaches the time constant regulator input. The transfer function is 

K
r 

(10.7) 
1 + T

r
p 

Equations (10.6) and (10.7) are used to calculate the results 

in Chapter 11. 

---o0o--- 
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CHAPTER 11 

11. 	Comparison of Measurements and Computations 

11.1 General 

The micro-machine system shown in Fig. 10.1 was connected to 

the fixed sypply, referred to as an infinite bus. Stability limit 

studies were carried out to determine the reactive power
o 

at 

which stability was lost, for a given active power P
o 

and given 

gains for a voltage regulator and an angle regulator 

when used as follows 

1. a proportionate bus "angle regulator only" (see Sect. 9.1) 

2. a proportionate terminal "angle regulator only" 

3. a proportionate terminal angle regulator and a proportionate 

voltage regulator 

4. a derivative terminal angle regulator which had proportionate-, 

first derivative and seond derivative terms, and a pro-

portionate voltage regulator. 

The angle regulator and voltage regulator each had a single time 

delay ¶ and tests were done for different values of Tt 
and T

r. 

Results were obtained for a reference angle of 33.750 only. 

In the present chapter the experimental results arc presented 

together with computed values which neglect the effects of armature 

and line resistance as well as saturation. 

11.2 The Stability Code 

In-ostability was most clearly indicated by the rotor angle 

variation ib, relative to the equilibrium condition and it was 

decided to consider the condition of equilibrium unstable if the 
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rotor angle 

1. drifted by 2°  from equilibrium, and subsequently did 

not settle back within two minutes, 

2. built up an oscillation of 2°  about the mean, either as a 

limit cycl:: or es an increasing oscillation. 

It was not easy to find a precise point at which this occurred, 

particularly because of erratic variati.ns of the a,c. and d.c. 

supplies and the alternator field currents. To minimise the pos-

sibility of erratic judgement because of erratic variations in the 

supplies, the stability experiments were conducted during periods 

of steadier load conditions in the laboratory. The erratic varia-

tions in the alternator field currents were caused by alternator 

brush contact fluctuations in a low resistance circuit but this was 

improved by adding resistance into the field circuit (see Sect.10.1.2). 

For bus angle feedback, the equilibrium is maintained at 

b = 33.75°  for any power level, but with generator terminal angle 

feedback it is only true at zEro power. At any power level, the 

rotor deviation is determined by the angle (e) -
t
) which increases 

with the increase in negative reactive absorption. Within the 

stability limit the rotor adjusts itself to the new condition. Hence 

for assessment of the stability limit the stability code was ap-

plied at each new equilibrium condition. 
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11,3 	The Regulator Constants  

11.3.1 	The angle regulator gain Kt  

The angle regulator (sec Fig. 10.9) gain Kt  depends on several 

factors, namely 

A
t 
; the fixed attenuation of the limiter and time constant 

regulator, numerically equal to 0.1925 

the angle device constant, numerically 

(volts , angle device sensitivity 
radian) x base field voltage 

= 0.422 x 57.3 x 	
1  

683.4 

D.U. voltage  = 0.0353 	-- 
radian 

(sec Fig. 10.7 and Table 10.2) 

K : the er4 justable amplifier gain constant (see Fig. 10.9). 

Thus Kt  = At  x K6  x K 

= 0.1925 x 0.0353 x K 

= 6.8 x 10-3 K 

11.3.2 	The voltage regulator gain Kr  

The volta:.le regulator (see Fig. 10.11) gain Kr 
depends on 

several factors, namely, 

A
t 
: the fixed attenuation of the limiter and t.c.r. (see Sect. 11.3.1) 

R : the rectifier constant; the rectified output is treated as the 

terminal voltage, (see Sect. 9.1), numerically 

1 
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R = rectifier conversion factor x 
base field voltage 

d.c. volts 	220 (a.c. line volts, r.m.s.) = 0.1575 (
a.c. line volts r.m.s.

) x 
683.4 (d.c. volts) 

= 0.0507 

K : the adjustable amplifier gain constant (see Fig. 10.11) 

Thus K
r 

= A
t
xR x K 

= 0.1925 x 0.0507 x K 

. 9.76 x 10-3 K 

11.4 Starting of the System  

In the stability experiments including a voltage regulator the 

system shown in Fig. 10.1 was synchronized without any current in 

the torque winding. The prime mover control was adjusted to give 

zero active power Po  at the infinite bus. The reactive power 00  

at the infinite bus was brought to zero by adjusting Vrefr  (see Fig. 

10.11). The t-winding was then energised and the d.c. off-sot bias 

(see Sect. 10.1.2) used to adjust the steady torque winding current 

to zero. The input signals to the angle device (see Fig. 10.5) 

were switched on and the circuit to the angle regulator (sec Fig. 

10.9) closed. The output from the angle divico and regulator 

was adjusted to zero by means of the angle regulator reference 

voltage 
Vreft 

in Fig. 10.9. A precision decade potentiometer was 

used to adjust the regulator gain Kt  below the limiting level 

and the torque winding feedback circuit was closed. Before any 

experiments were conducted the system was loaded to Po  = 0.8 p.u. 

and Q
o 
= 0.6 p.u. and was run for about half an hour to establish 

a reasonable steady temperature in all the windings. 

base armature 
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The above procedure was folnwed for most of the stability tests 

except for the cases without a voltage regulator, when the reactive 

winding excit, tion was adjusted manually. When there were deriva- 

tive cm, punents in the angle feedback, the 	varieue' 

derivative circuits in the regulator (see Fig. 10.9) were the last 

to be closed after synchronization and the first to be opened be-

fore synchronism was lost. 

11.5 	Steady-state Stability Limit Curves  for Proportionate Bus  

Angle Regulator  

After starting and warming of the sot (see Sect. 11.4) the 

acti. e power at the infinite bus was adjusted to say 0.2 p.u. and 

the regulator gain Kt  was adjusted by the potentiometer to a 

stable value (see Sect. 10.4.1). To make the micro-machine system 

deliver negative vars the positive excitation of the reactive winding 

was decreased in small steps to zero and then increased in the 

negative direction. After every small change in the excitation the 

rotor angle was observed with the aid of a stroboscope for about 

five minutes. The rotor was considered to be stable, if after the 

disturbance it settled down to equilibrium according to the stability 

code, otherwise it was unstable. 

The regulator gain K
t 
was increeeed in steps and the above 

procedure was repe;eted to locate the steady-state stability limit. 

The active power Po 
was adjusted to a new value and the entire 

process repeated to obtain a new set of steady-state stability 

limit points. 

The experimental and computed results shown in Fig. 11.1 agree 

well in the low gain region AB but the agreement is less good at 
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higher gains in the BC region. The diecrepancy may be because the 

instability in the BC region is of the oscillating type and computed 

results are sensitive to small errors in the measured transient-and 

subtransient parameters. However, in general, Fig. 11.1 shows 

that the active power Po  does not significantly influence the 

results. 

11.6 	Steal-state  Stability Limit Curves for Propprtionate 

Terminal Angle Regulator 

The experimental stead-state stability limits 	for the propor-

tionate terminal angle regulator wore obtained in a manner similar 

to that described in Sect. 11.5. 

Fig. 11.2 shows fairly good agreement between experimental 

and theoretical results in the low gain region but, as in Fig. 11.1, 

the agreement in the high gain region is less gold for the same 

reasons as stated in Sect. 11.5. However, an increase in the active 

load P
o 

has the same effect on both experimentel and theoretical 

results. 

11.7 Steady-state  Stability Limit Curves for Proportionate Terminal  

Angle Regulator and Proportionate Voltage Reeulator  

The experimental steady-state stability limits for a system 

with an angle regulator and a voltage regulator (a.v.r.) were obtained 

by using a value of Kr  within the stable region before testing 

for the stability limit in the same manner (see Sect. 11.5) as for 

an angle regulator only. The active power Po 
was changed and the 

procedure repeated to obtain a curve for each value of Po, and the 

results are shown in Fig. 11.3(a). The entire process was repeated 

for a different value of K
r 

and the results appear in Fig. 11.3(b). 
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Theorectically es well as experimentally, an increase in 

power increr>ses the maximum reactive absorption [Y o in Fin. 11.3 at 

any value of K t, irrespective of whether 	K
r 

is high or low. 

Although there is fair agreement between comuuted and measured points 

in the low gain region AO, it is not at as good in the hich gain 

BC region, for reasons discussed in Sect. 11.5. On the whole, the 

agreement in Fig. 11.3(b) is less favourable than in Fig. 11.3(a) 

possibly because of the hioher voltage regulator gain. 

The results in Fig. 11.3 also illustrate that a combination of 

two simple delay type regulator systems is capablo of increasing 

the maximum negative reactive absorption to a useful value greater 

than 1 p.u. for all values of power if Kt 
is less than about 

9 x 10-3. 

11.8 	Steady-state Stability Limit Curves  for Derivative Terminal  

Angle Regulator and Proportionate Voltage Regulator 

The transfer function, including first and s cond derivative 

angle terms, (see Eqn. 10.6) was simulated on the analogue computer 

(see Fig. 10.9) and Kt  was adjusted on the potentiometer as for 

the proportionate angle regulator. The stability limit tests were 

carried out for different values of angle regulator gain Kt, active 

pcowJr Po ,  and voltage regulator gain Kr  in the same way as described 

in Sect. 11.7 

Fig. 11.4 shows some of the experimental computed limits 

for a time delay of 0.5 seconds in each regulator. The overall agree- 

ment 	between computed and measured values is fairly good except for 

the very high gain region CD. In this region, the natural frequency 

of oscillatory instability is relatively low and difficult to distin-

guish from a drift due to fluctuations in the supply. 
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Hence, there is greater uncertainty associated with measurements 

in this region. Compared with Fig. 11.3, Fig. 11.4 shove that the 

maximum value of Qo 
is about the same (- 1.2 p.u.) at the same 

value of K
t 

= 3 x 10
-3
. 	However for a minimum Q o max of - 1 p.u., 

Kt max is about twice the value without derivative compensation 

(also see Sect. 9.4.6). 

The derivative angle terms give little increase in negative 

reactive absorption when tit  = Tr 
= 0.5 compared to tit  = T

r
= 0.0. 

Large d.w.r generators with conventional d.c. excitation systems will 

thereFore only have a marginal increase in Qo max 
and little gain 

in K
t max 

when derivative compensation is added in the form sug-

gested by Eqn. (10.6). 
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CHAPTER 12 

12. CONCLUSIONS  

The purpose of the work described in this thesis has been to 

investigate methods of representing machines in order to study the 

steady-state and transient stability of a synchronous generator con-

nected through a transmission line to a fixed supply. 

Two typos of machines have been studied viz. a synchronous ge-

nerator with a conventional single field winding on the rotor d-axis, 

referred to as a conventionally wound rotor (c.w.r.) machine; and 

a synchronous generator with two separate field windings on the rotor, 

referred to as a divided winding rotor (d.w.r.) machine. In the 

case of the c.w.r. machine, the emphasis has been on the transient 

behaviour after a symmetrical three-phase short-circuit. In the 

case of the d.w.r. machine the main investigation has been concerned 

with steady-state stability during small disturbances, although cal-

culations were also made for the transient stability after a three-

phase fault. 

Different types of transient disturbances have been analysed 

and compared by using the equivalent two-axis circuits end the 

Laplace approach to find the different expressions for the electro- 

magnetic torque of the c.w.r. machine. 	It was found that the 

transient torque after different disturbances consisted of an indi-

vidual component for each disturbance in addition to three main 

common components. viz. the synchronizing- and saliency torque, the 

torque due to field flux decrement and the damping torque. 

Different methods of analysing the synchronous machine transient 

response have been compared, including a new accurate method which 
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does not neglect the rate of change of the armature flux linkages 

T
d and T . It has been shown that en angular "back swing" in 

q 

the rotor can occur when a three-phase fault is applied. The 

back swing is caused by high transient losses which cause a unidirec- 

tional braking torque during the initial period of the fault. The 

braking torque can be calrulatd when the pTfd  and pT 	terms are 

not neglected in the expressiensferthe armature axis voltaces. The 

accurate method also allows more fully for the action of the damper 

winding than simply by means of a constant damping coefficient. An 

approximate method which allows for damping but not for FIT has also 

been used for calculations and comparisons have been drawn between 

the approximate and accurate results. 

For the accurate method a new set of first order differential 

equaLicins have been developed in a form particularly suitable for 

a step-by-step solution on a digital computer. 	The axis flux 

linkages and currents which change at about supply frequency, are 

solved simultaneously. The time interval for a step-by-step cal-

culation must be short compared with the period of the a.c. cycle 

and hence requires a large amount of digital computer time. Efforts 

were made to reduce the time by using more powerful methods of inte-

gration and by rearranging the order in which equations were being 

solved. The best achievement permitted a 5 milli-second step length 

when the fifth ordar Kutta-Merson method was used. 

Tests and calculations of the back swing phenomenon have been 

made for a c.w.r. micro-machine system while calculations have also 

been made for a 30 MW c.w.r. turbo-alternator. 

A detailed study has revealed the effect of the short-circuit 
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braking torque when 

1. the machine is at a reduced load, 

2. the tie-line reactance is increased, 

3. the inertia constant is small. 

The conclusion con bo drawn that in countries whore the load centres 

are not far apart and transmission lines are relatively short, as 

in England, a short-circuit anywhere along a transmission line may 

be close enough to the alternators to cause back swing. If the load 

is remote from the generatino centre, as in the case of systems 

with hydro-stations, a back swing may occur alter a fault if the ge-

nerator was relatively over-excited in order to maintain voltage 

stabiltity at the receiving end. For such 	conditions an accurate 

result is not obtained unless the pi' terms are included. When 

generators have rectifier excitation, the accurate method must be 

used for any transient condition during which the field current 

falls to zero. 	Induction motor recovery studies are also affected 

by the Of terms since the short-circuit braking torque increases the 

deceleration. 

It is well known that the stable operating range of a c,w,r. 

generator can be extended under leading current conditions, by means 

of an a.v.r. acting on the single direct axis field, but such a 

system has limitati ns at light load conditions. The use of a second 

field winding on the quadrature axis of the rotor, excited by a conti-

nuous feedback rotor angle signal, showed
4 

a dramatic improvement in 

the stable operating range for all values of load. Another scheme
5 

showed that P machine with two divided windings on the rotor (d.w.r.) 

could be controlled to operate stably beyond the normal c.w.r. range 
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during steady-state conditions and that it also had an improved 

transient response. 	In the light of the c.w.r. machine stability 

limitLAions, and the promise held out by the d.w.r. machine, it was 

decided to investigate mc,re closely the stability problems of the 

latter. 

The non-linear equations have been developed, following the ge-

neralized machine theory, For a machine with a field winding on the 

d-axis as well as on the q-axis. As the field windings of a d.w.r. 

machine ore not necessarily on the d- and q--axis, a new transfor-

mation matrix has been established to replace, mathematically, the 

two physical field windings by two fictitious field windings, one 

on each axis. The equations were then used to calculated the 

transient response after a three-pahse fault on a hypothetical
5 

30 MW d.w.r. turbo-alternator and also to study the steaq9-tate 

stability of a micro-machine with a divided winding rotor. 

The transient stability calculations have used the approximate 

method as well as the accurate method. A new set of first order 

differential equations have been developed in the soma way as for 

the c.w.r.,  machine with the difference that the field winding on 

the q-axis introduces an additional equation. The results cor-

roborate the earlier deductions about the Lack swing phenomenon, 

although the effect seems less severe perhaps because the rotor 

movement of the d.w.r. machine is more constrained by the feedback 

control signals. 

Steady-state stability tests and calculations of the d.w.r. 

micro-machine have shown fairly good agreement anij it can be con-

cluded that: 
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1. The torque winding current of a d.e.r. machine controls the 

active power althounh it also affects the reactive power. The 

reactive winding current controls the reactive power only, and a 

suitable feedback can therefore regulate the reactive without 

affecting the active power. However, all this is :.ased on the as-

sumptien of zero saliency and that, by means of a feedback signal 

to the torque winding, the: rotor is held at a constant angle 

0r with reference to a fixed supply. 

When the feedback signal is taken with reference to the terminal 

voltage, the above conclusions are only approximately true because 

the rotor is not held at a fixed angle. 

2. The angle feedback to the torque winding acts as a stabiliging 

circuit for the terminal voltage feedback to the reactive winding. 

This means that the a.v.r. can have a gain so high that the system 

would be unstable if the stabilizing angle regulator were removed. 

Furthermore, a considerable change in the time delay of the a.v.r. 

has negligable effect on the steady-state stability although it may 

affect the transient response of the system. Conversely, the only 

effect from the a.v.r. seems to be a small improvement in the steady= 

state stability limit of a system with an angle regulator only. 

These conclusions lead to the following salient deductions 

(a) The a.v.r. design seems to be almost independent of 

the angle regulator and it is believed that the a.v.r. 

of a present largo c.w.r. machine will most probably be 

equally suitable for a large d.w.r. machine in future. 

(b) The stable operating range of a d.w.r. system with an 

angle regulator and a voltage regulator, is almost the 

same as a d.w.r. system with an angle regulator only. 
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Any improvement in the steady-state stability limit 

can probably only be achieved by an inherent improve- 

ment of the angle regulator stability. 

3. 	It has been shown that the stability of the system with an 

angle- and a voltage regulator can e improved if the gain margin 

of the angle regulator is improved by including First- and second de-

rivative compensating t-erms. Although the compensation provided a 

dramatic increase in negative reactive aborption when the regulators 

had negligible delay, it was less effective when both regulators had 

a delay of 0.5 seconds which corresponds to the short-circuit field 

time constant of a large d.c. exciter. However, the derivative angle 

regulator used, was by no means an optimum design and could be 

redesigned to give improved compensation at a given value of time 

delay. 

---o0o--- 
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APPENDIX I 

THE ACCURATE  METHOD OF APALYSIFG A C.W.R. MACHINE  

From Eqns. (4.12) and (4.13) the derivatives of the flux 

linkages Td  and Tq  are found as 

Equating the right hand sides of Eqns. (4.1) and (4.24) yields 

XX pTd  + vT
q + raid 

= V2 Vbd 	w .' l  
- 	o'

d 	Rid w 
 .vi 

q (A1.3) 

The values of pTd  from Eqn. (A1.1) and of !q  from Eqn.(4.13) are 

substituted into Eqn. (A1.3) which then contains the terms 

PTkd 
and pT

f
. The expressions for these, given by Eqns. (4.14) 

and (4.16), are substituted into the modified Eqn. (A1.3). 

After re-arranging the terms, an expression gar' pid  is found 

as 

Pid = alid a_vi q a3Tf a4Tkd 
+ asvYkg  + a6Vbd  + a7vf  

and likewise for pi . The values of the constants al' a2 etc.) 

see Eqn. (4.26)) are°- 

2 
X
md

g1 	9193  
a1 
 = - (r 

a + R + g3 wXfd Tdo ' 	w Xkd Tdo 
" 	• (X + X") 

X + X" 
q  

a2 = 	X + 	; 
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a, = 

34 	—T" X do kd 

	

X T 	X 1.1 	X X  fd do 	A  f cl fd kd do 	kd fdT  do 

2 

	

91 	glXmd 
- Q Xkd X fd Tdo 

) ° (X + X") 

b5 = Xkg g T"o  (X + X") 9  
-(2 . w 

6 — X + X" 
g 2 b7 = 0.0 ; 

2, 
91 91'md 9193 
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9 2w 	 (.0  a5 =a - - Xkq(X + X") ; 	6 	X + X" 9 

g1  a7 	- Xfd(X  + X") 

where 	g1 	d - X" - Xa; 	92  = XEI" 	a  X ; 93  = Xd - Xa  

b1 = (X + X")/(X + X") 

92xmg ) 	(,)  b2 = - ( ra  + R wTkqT"qo 	(X + X") ; 

cog, b3  = 

	

X fd(X + X") 	; 

w91  
Xkct (X + X") 

b4 = 

From Eqn. (4.16) for 

C
l  
 = 

glXmd  

wg3T1zio  

g1Xmd  c3 = 	(1 + 	) ; XkdX fd 

g1Xmd  
4 	X 	g kd do 3 

9 c2 = c5  = c6  = 0.0 ; 	c7 = 1.0 



1 
T" 
do 

Ffom Eqn. (4.14) for 
°Ikd ;- 

93 	93  
d1  = T .. 	;d4 3 - X T" 

do 	fd do 

d5  = 0.0 	d2  = d6  = d7  = 0.0 ; 

From Eqn. (4.15) for plir 	:- 

X 
e
l 
= 0

3 
= 0

4
= 0

6 
 = e

7 
= 0.0 	e

2 
 - 
- wT" 

go 

-1 
e5 	T" 

go 
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APPENDIX II  

THE APPROXIMATE 	METHOD OF 	ANALYSING A 	DA W.R. 	MACHINE 
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L
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L
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for 

T
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id 

(8.17),(8.19) 

T
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L
ffd 

ffd ffd 

Lkkd 

(Lmd  

2 
Lmd 

L
ffd 

(A2.1) 

Lffd 

L
2 

_ 	mq 
L
ffd ) 

 

If 
ifq 

and i
kq 

are eliminated from Eqns. (8.18),(8.20) and 

(8.22) a similar expreesion is found for T 

L2  
12  (L 	) 

mq L
ffq 

 

(A2.2) 

  

The combinations of inductance terms in Eqns. (A2.1) and 

(A2.2) can be expressed in terms of the transient and subtransient 

reactances of the machine when the following identities are used:- 

L2 	 L2 
, 
)= 	

L
2 

w 	X' ; 	w (L 	- —2-- ) = X' ; 
(Ldd 	L

ffd 	
d 	qq 	L

ffq 	
q 

2 	 2 

(L 	). (x, - X ) 
L
md 	co (L

mq 
- -1-mq .)  = X' - Xa 

 ) 

and Lffd 
	

d 
a ; q 

L
ffq 
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2 
L
md 	

- Xa 	Emq 	FX' - Xa  
w W (L 	- 	) 	u 	 

Lffd 	(XL; - Xa  Xkd 	
q 	a  

w(Lkkg 	L 	)- X" - X 
	

Xkq  kkd 	 ffq 	q 	a_ 	' 

L
md 	

\ ' 
d 

- X 	X' - X 
' 	a 	q 	a 

L
ffd 	

X
fd 	

9 	L
ffq 	

X
fq 

X'X 	X'X 

X' 
d 

+X  

kd 	
' d 	X' 

q 
 + X 
kq  

= X" 	= X" ; 
d 	kd 	q 	kq 	q  

where X
a'

X
fd' 

X
fg' Xkd 

and  X
kg 

are leakage reactances 

When the abouementioned idendities are used in the equations 

	

for T
d 

'and 	it is found that3 

the coefficient of
d 

is 

(XL;- g(Xji 	Xa) 
X' - 	 - X"d 	 , 

X
kd 

the coefficient of T
fd 

is 

X' - X
a 	

(X j 	Xa )(XL; - Xa ) 	X" - X
a 

X
fd 	

X
fd

X
kd 	

X
fd 

the coefficient of i 	is 
q 

(xic; 	Xa )(Xci 	Xe ) 
X' - 	 - X", q Xkq 

the coefficient of
fq 

is 

X' - X
a 	

(X t 	Xa )(X,;[  - Xe ) 	X" - Xq 	 a 
X
fq 	

X
fq

X
kq 

X
fq 

and the expressions (12.l) and (A2.2) are simplified to Eqns. (8.32) 

and (8.33). 

The rates of change of secondary flux linkages are found by 

eliminating the secondary currents from the voltage Eqns. (8.1.3) to 
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(8.16). 

From Eqns. (8.13) and (8.21) 

pT
fd 	 "fd 

- r
fdlfd 
	 (A2.3) 

An expression for ifd  is obtained by eliminating i
kd 
 from Eqns.  

(8.19) and (8.21), as 

(X; 	Xa) w 

ifd = -(X(!j  - Xa)XkdXffd  

 

(TkdXmd - TfdXkkd) 

 

Xmd Lkdid 	
(A2.4) 

while r
fd can be written as 

r
fd 

= (X
fd 	Xmd )/w1" do (A2.5) 

The expressions in Eqns. (A2.4) and (A2.5) are substituted in Eqn. 

(A2.3) to yield Eqn. (8.34) as the final expression for pTfd. The 

expression for pTfq  in Eqn. (8.35) is found in a similar way. 

The secondary current ifd  is eliminated from Eqns (8.19) and 

(8.20) to find 

()( 1  - Xa

Xa) L 

) 	F 	(X1X

fd 

1:I  - Xa) 
i
kd 

=
Xkci(q L 

of
.kd _ (1)1Iffd 	(Xd 	Xa)id] 	(A2.6) 

rkd can be written as 

rkd = (Xkd 	Xd  - X a  )/wTdo 	
(A2.7) 

The expressions in Eqns. (A2.6) and (A2.7) are substituted in the 

the following expression to find Eqn. (8.36): PTkd = 	rkdil<d 

The expression for pT
kq 

in Eqn. (8.37) is found in a similar way. 

---o0o--- 
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APPENDIX III 

THE ACCURATE METHOD 	OF 	ANALYSING 	A 	D.W.R. 	MACHINE 

From 	Eqns. 

linkages 	T
d 

X" 
= 

	

(8.32) 	and 

and 	T 	are 
q 

d + 
	- X

a
) 

d 

	

" 	X 	)[ 

	

(X

q 	a 

the right hand 

r
a
i
d 

= 42 V
bd 

	

From 	Eqn. 

into 	Eqn. 

X" PT.F,  

(8.33), 	the derivatives 

found as 

of the flux 

(A3.1) 

(A3.2) 

(8.11) 	and 	(4.24) 	yields 

w 	
vi 	(A3.3) 
q 

from 	Eqn.(8.33) 	are 

contains the terms 

given 	by 	Eqn6.(8.34) 
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and (8.36), are substituted into the modified Eqn. (A3.3), 

After rearranging the terms, an expression for pid  is found as 
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g,X 
+ 	4  mg 

g4g T'  o Xfg w 
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APPENDIX IV  

LINEARISING THE EQUATIGr'S FOR SMALL PERTURBATIONS  

When the external tie-line reactance is lumped with tke alter-

nator's armature leakage reactance, the axis components of terminal 

voltage as given by Eqns. (8.11) and (8.12) become the axis com-

ponents of infinite bus voltage so that 

v
bd
= pT

d 
+ vTq  + r

a
i
d 

v
bq 

= -vT
d 
+ pTq  + r

a
i
q 

whore T
d 	

T 	are modified flux linkages associated with the infi- 

nite bus voltage. 

The above equations are simplified if it is assumed that the 

transient changes are slow in relation to the a.c. cycle. This 

implies that the frequency of small 	oscillations superimposed on 

the variables is much lower than the system frequency of 50 Hz. 

In fact, for steady-state stability studies the highest frequency 

of interest is about 2 Hz and hence the assumption is justified. 

Neglecting the pTd  and pT terms and assuming that 

v = w = constant, the above equations can be reduced tol 

(A4.3) 

(A4.4) 

vbd = 6-)Tq 4' raid 

v bq  = -wTd  = raiq  

and the expression for the electrical torque becomes 

1 	
2 	2 

T
e 

=
bq q 	

r
a
i
q 

+ 
- 2 

(v i 	
vbdid - raid)  

(A4.5) 
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If the machine position is 8 = wt - b and wt is the position 

of the synchronously rotating reference axis, 	then it 

shown
3,4,22 

that 

can be 

vbd  = vbsinb = 	X 	(p)iq  + r
a
i
d 

+ 	G 	(p)v
fq 

(A4.6) 

v
bq 

= 
v
b cosh = Xd(P)id 

+ 	r
a
i
q 

- 	G
d
(p)v

fd 
(A4.7) 

1 
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- 2 
— ((v

b
cosb 	r

e
i
q
)i
q 

+ (v
b
sinb 	- r

a
i
d
)i
d
) (A4.8) 

Eqns. (A4.6) to (A4.8) are linearized for small perturbations around a 

steady equilibrium point, denoted by a subscript g to 

vbcosbd.Ab = X (p).Aig  + ra.Ai d+ Gd(p).Avfd 	(A4.9) 

-v
b
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o 
 .Ab = 	X(p)

d
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a
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- Gd(p).Avfd 	(A4.10) 
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b
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o
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a
.Ai

d
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) 

The expression for mechanical motion is 

T
m 

- T
e 
= Jp(wt - 	= T 

which can be reduced for small perturbations, to 

AT. 	_ Jp
2
.AO 

and ATIT1  = ,AT. + ,AT
e 

The "input transformation" equation (9.1) is obtained 

by combining Eqns. (A4.9) to (A4.12) , and putting 

v
bdo = vbdsin6o 

v
bqo 

= v
bq

cosb
o 

(A4.11) 

(A4.12) 
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APPENDIX V 

VALUES OF A
r
(p) FOR GENERATOR ANGLE bt  

A small change in id, b, iq  causes a change Abt  in the 

terminal load angle, where 

Abt  = Ai(p).Aid  + yp).Ab + yp).Aiq 	(9.10) 

The relationship between 3
t 
and quantities i

dq 
is found from 

the fact that 

tanb
t 
 = V

mtd
/V

mitq 

= V
bd 

+ I
q
X
c 

- V
bq 

- I
d
X
c 

(A5.1) 

Partial differentiation of b
t 
(see Eqn.(A5.1)) with respect to 

id, b and iq  gives 

(6t) 	a (at) 	a  "t)  
Abt 
	ai

d 
= 	.Ai

d 
+ 	

a (5 	a i L6 + 	.Ai q  
q 

(A5.2) 

If the right hand side of Eqn. (A5.1) is partially differentiated 

and compared with Eqns. (A5.2) and (9.10) it is found that 

Al(p) = - Xc
V
mtdo

/1/V
1211to 

Az  (p = (V
b
2 	
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o  

+ 	X 	
2 

2 	- 	c 
VI/ 

 mto 

A(p) = X V 	/1/7V2  
3 	c mtqo 	mto 

(A5.3) 
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