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ABSTRACT 

The theme of the project was the development of 

a scheme to re-establish synchronism automatically in the 

contingency of a synchronous machine falling out-of-step 

while in operation. To establish the necessary criteria 

on which the proposed scheme for resynchronisation could 

be based, machine behaviour during asynchronous operation 

and the process of resynchronisation has been studied in 

detail. 

Rotors in common use are of two different types; 

laminated and solid. The two types produce different 

damping effects and both have been studied. All the studies 

have been performed on a general-purpose analogue computer. 

To study the two types of rotor, mathematical models have 

been developed. Each of these models is suitable for 

cylindrical or salient-pole construction. Results obtained 

on the analogue computer have been verified by comparison 

with results obtained on both actual large alternators and 

laboratory micro-machines. 

Auxiliary equipment can play a significant part 

during asynchronous operation and in the process of resyn-

chronisation. The effects of various auxiliary equipment, 

different machine parameters and system conditions on out-

of-synchronous operation and resynchronisation, have been 

studied. Investigations have been made into the process 

of pulling--into-step from the state of steady asynchronous 

operation using an entirely different approach and the 

process is explained in simple physical terms. 
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Based on the results obtained from various studies, 

a transistor relay, for the automatic resynchronisation of 

synchronous machines, using static relaying techniques is 

proposed. This relay has been constructed and its effect-

iveness has been demonstrated on a micro-machine. 

The proposed scheme for automatic resynchronis-
ation is particularly adaptable to the controls of the 

future and is suited to 'on line' computer control. 
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LIST OF SYMBOLS 

Most commonly used symbols and notations are 

defined below. .Lny symbol not given below will be explained 

where used in the text. 

Unless otherwise stated, all quantities arc 
expressed in per-unit. In general, varying quantities are 

denoted by small letters and constant quantities by capital 

letters. 

Main symbols 

f - Frequency in cycles per second 

i 	- Instantaneous value of current 

I 	- Constant or phasor value of current 

e - Instantaneous value of voltage 

E - Constant or phasor value of voltage 

✓ - Resistance 

x 	- Reactance 

X 	- Total reactance 

6 	Leakae inductance 

- Total self inductance 

t 	- Time in seconds 

T 	- Torque or Time-constant 

p 	- Number of Dole pairs or Operator d/dt 

P - Power 

s 	- Instantaneous machine slip 

Z 	- Impedance 

j 	- Operator 

H - Machine Inertia constant in n secAVA or 

Magnetising force in AT/metre 
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J - Current density in amperes/metre2 or Moment of 

Inertia in lb. ft.2 	-- 

Ei 	- Flux density in Weber/metre 

N Effective number of stator turns in series per 

Tohase 

- Length of flux path through the rotor iron in 

metres 
- Axial length of the rotor in metres 

Reluctance in AT/Weber 

Operational impedance relating id  tolrd  

Operational impedance relating iq  toirq  

Operational quantity relating ef  to -y-d  

- Asynchronous mean torque 

- Operational admittances as derived from 

and xg(p) 

a adl' 127 
A Adl' -d2 f_ Coefficients as defined in Section 4.4.2 

Bdl, nd2i 

	

too 
	- Angular velocity of infinite bus in radians per 

second (Synchronous speed) 

	

w 	- Slip in radians per second 

	

cZ 	- Instantaneous speed 

- Angular velocity of rotor in radians per second 

0 	- kngalar -oosition of rotor in space 

6 	- Load-angle of synchronous machine with respect 

to bus 

- Phase angle or Value of a at zero time 

- Resistivity in Ohm-metre 

- Flux linkages 

	

0 
	- Flux per pole in Webers 

w 

S 

xd(p) 

xcl(p) 

G(p) 

(Tas)m  

Ya, Yb] 
Yc'  Ydi  



Subscripts 

	

a 	- Acceleration or phase A or Armature 
d - Direct axis 
q - Quadrature axis 
f - Field winding 

	

k 	- Damper winding 

	

e 	- Electrical or External 
- Magnetising or Mean or Mechanical or Maximum 

g - Governor 

	

s 	- Synchronous 

	

as 	- Asynchronous 

	

and 	- Direct axis mutual 
mq 	- Quadrature axis mutual 
t - Turbine 

	

o 	- Initial or Surface value 

Superscripts 

- Transient 

- Sub-transient 
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CHAPTER 1. 

INTRODUCTION 

1.1 Historical review 

... the least known or available in 
literature are the -phenomena of pulling 
into step ... (of a) synchronous motor 
in that range of speed where it is not 
an induction motor anymore and where it 
is not yet a synchronous motor." I 

It is more than half a century since the above 

words, ecually applicable to synchronous machines in 

general, were said by Steinmetz. At present, a lot more 

is known of the process of synchronisation, which in the 

earlier years was studied primarily from the point of view 

of pulling-in of synchronous motors when starting up. 

The problem of dealing with a synchronous motor that 

accidentally lost synchronism while on load was, however, 
given only cursory attention. 

By virtue of the availability of a prime mover, 

power-systems engineers introduced the method of fine 

synchronisation to connect their synchronous machine 

(generator) to the system. To deal with the eventuality 

of accidental loss of synchronism, the easy way out was 

adopted. This has resulted in the present usual accepted 

practice in power-system operation, that in the event of 

an alternator losing synchronism either due to loss of 

excitation or following system disturbances of any kind, 

it is immediately disconnected from the system, With the 

continued increase in the size of the individual generating 
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units, the process of shutting down and bringing the set 

back onto the bus-bars ab initio entails a considerably 

long period which is very undesirable both from the point 

of view of un-interrupted maintenance of supply and 

economic operation of the system. In many such cases it 

would be very desirable if the machine is able to operate 
asynchronously for a short period until synchronism can 

be restored. 

Although some attention was paid to the 

asynchronous operation and resynchronisation of synchronous 

machines in the early thirties2'3'4'5, it is only in the 

last decade that serious attention has started to be devoted 

to this problem. References 6 to 22 Give a selected 

bibliography for this period. 

Full scale tests reported in various references 
have shown that, under certain conditions and for a limited 

period, it is permissible to leave the machine connected to 

the system until some action can be taken to bring it back 

into synchronism. Yrom these tests, it has been observed 

that after a time the machine settles down to a condition 

of steady asynchronous operation and is capable of supplying 

a reasonably large percentage of its rated output at Quite 

low slip. For a given power output, currents are, however, 

high compared with the values during normal synchronous 

operation and currents in the supply leads pulsate. 

This problem received international recognition 

when it was explicitly referred to the C.I.G.R.E. study 

Committee No. 17. A report on the work of this committee 

is given in Ref. 23. The present attitude to this problem 

is well summed up in the following concluding remarks24 to 



17 

the discussion on asynchronous working and resynchronisation 

at C.I.G.R.E. Convention Ho. 18, 1960: 

"This type of o-oeration runs certain 
risks, but it would seem that these 
risks have been over esti=ted and 
that asynchronous operation can be 
permitted in certain cases and in fact 
can render certain services." 

1.2 Formulation and study of the problem 

Instances have been observed in practice2'3  when 
the machine lost synchronism temporarily and pulled back 
into synchronism without any prolonged asynchronous operation. 

In other cases when it does not pull back into synchronism,. 

but settles down to a steady asynchronous operation, it 

can be resynchronised either manually or automatically. 

Ref. 5 has given certain conditions for resynchronisation 

based on full scale experiments conducted in Russia. 

Further theoretical investigations have been conducted by 

various authors (References 8, 14, 15, 2 to 29) but none 
of these investigators has carried out a sufficiently.  

comprehensive study of the effect of various parameters 

of the system on asynchronous operation and process of 

resynchronisation. In addition; all of them have adopted 

certain sweeping assumptions in the working out of their 

results Lithout establishing the validity of the same. 

Study of asynchronous operation and 

resynchronisation requires the solution of a number of non—

linear differential equations. To simplify the solution, 

most of the authors referred above have adopted the 

following assumptions in their investigations: 
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i) Voltage behind the transient reactance is 

constant; and 

ii) Variation in speed during the transient 

process is small in comparison with the 

steady state speed. This results in ncgleot 

4,y1E.;the effects of all such terms as pyd, 
PK9 etc. co4L KJLecatet. 

The effect of these assumptions may be referred 

to as neglecting the stator transients.30 

In addition to the above two assumptions, the 

third, most commonly adopted, simplifying factor is to 

neglect stator resistance of the synchronous machine. 

1.3 Present work 

The problem under study in this thesis originated 

with the development of the synchronous machine. It has 

been studied and discussed in one form or another since 

that time. It is, therefore, rather a difficult exercise 

to differentiate between that which is new and that is 

old. However, this is believed to be the first time that 

such a systematic study of the problem has been made in 

its entirety, particularly with so elaborate a represent—

ation of the synchronous machine. 

The study has been divided into a series of logical 

steps culminating in the devising of a suitable scheme for 

automatically resynchronising the machine in the event of 

an accidental loss of synchronism. The various steps are 

outlined below. 
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1.3.1 Assumtions 

Assumptions mentioned in Section 1.2 above are 

the standard assumptions made in most transient stability 

studies. They make the problem easily amenable to a 

solution by the %JoIl-known step-by-step method31'32'33  on 
an A.C. Network Analyser34' 35 or a digital computer3637 

In this field they have rendered a very useful service in 

the past. Doubts have, however, already been expressed as 

to the justification of these assumptions and a better re-

presentation of the synchronous machine is becoming more 
and more desirable. 

Although these assumptions may have some justi-

fication in transient stability studies, they cannot be 

justified in the study of asynchronous operation and 

resynchronisation. In the present work, the synchronous 

machine has been simulated by adopting the minimum number 

of assumptions possible. In fact, most of the work is 

based on assumptions no more than those inherent in the 

two-reaction theory of synchronous machines as enunciated 
by Park in his classical papers36'39 

1.3.2 Jcope of studies 

Theoretically, a synchronous machine will operate 

reversibly either as a generator or a motor depending upon 

the' direction of flow of power and current. Thus there is 

no difference in its behaviour during asynchronous operation 

and the process of resjnchronisation. It is, therefore, 

desirable that any system of equations should be equally 

valid for either of the generating and motoring modes of 
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operation. Ireatment of a synchronous machine, described 

henceforth, is on the most general basis without any dis-

tinction, whatsoever, between motor and generator. Equa-

tions are equally applicable to both machines, so far as 

proper sign convention is used to interpret the results 

in a physical sense. 

Because of the different positions occupied by 

the two machines in a system, it is essential that there 

should be enough scope to include the effect of other 

associated equipment. The system of equations described 

and the method of simulation adopted for the representation 

of a synchronous machine is very adaptable, such that, the 

effect of any major or auxiliary equipment associated with 

the machine to be studied can very easily be included. 

Thus it is easy to study the effect of turbine or load 

characteristics, voltage regulators, speed governors, 

transmission lines or other system conditions. Effect of 

changing any of the electrical or mechanical parameters 

of the machine can also easily be studied. 

Success or otherwise of any series of studies 

can be gauged by their usefulness when applying them to 

actual system operating conditions. Full scale tests are 

therefore conducted from time to time to verify the valid-

ity of various theories. These tests can only be represent-

ative and not exhaustive. For more exhaustive studies, 

resort must be made to various other methods such as 

analytical investigations, physical models or mathematical 

models. Each of these methods has its usefulness and 

limitations in certain respects. The method to be adopted 

depends upon the requirements of each individual case. 
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In the present investigations, the system has 

been studied by a mathematical model on an electronic 

analogue computer. To test the efficacy of the simulation 
some full scale tests conducted by the C.E.G.B.20'40 on its 
system in the past, have been simulated and the results 

obtained from the computer compared with the test results. 

Even though a reasonable agreement was obtained between 
these two, it was not considered sufficient to justify the 
adoption of results obtained from exhaustive studies on 

the mathematical model only. Micro-machines41'42 have 
proved very useful as physical models for the study of power 

system problems40,43,44.  It was decided to carry out the 

simulation by mathematical model on the computer and sim-

ultaneously perform tests on the micro-machine as a physical 
model. 

Investigations have been carried out using both 

these model forms and also by an analytical method suggested 
elsewhere44. Encouraging agreement has been found between 

the results of the mathematical model and those of the 

physical model and full scale tests. In contrast, wide 

differences between the laboratory results and those based 

on assumptions of earlier investigators, not only shows 

the need to reduce these assumptions to the minimum, but 

also clearly establishes the validity of the proposed 

simulation. 

1.3.3 Rotor construction 

Any system of ecuations representing the salient-

pole rotor construction can be easily modified to study 

cylindrical rotor machines by suitably choosing the direct 
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and quadrature axis parameters. The main difference lies 

in different damping effects caused by eddy currents in 

the laminated and solid rotors. 

This thesis is divided into two parts to deal 

with the laminated and solid rotors separately. Two 

different sets of equations and simulations have been 
developed and the complete phenomena studied under each 

heading. 

1.3.4 Asynchronous operation 

Study of resynchronisation implies that the 

machine is already in tLe asynchronous mode of operation. 

Before attempting to pull the machine back into synchronism, 

it is essential that its behaviour during asynchronous 
operation be known. An investigation has, therefore, been 

made into the asynchronous operation with both types of 

rotors. The effect of various electrical and mechanical 

parameters, alternative field connections, system conditions, 

and auxiliary equipment, on the behaviour of the machine 

has also been studied. 

The theoretical study is based on the well known 

Park08'39 theory as put forward in a more comprehensive 
form by Adkins -. 

1.3.5 Resynchronisation 

Most of the earlier studies of resynchronisation 

are:based on the hypothesis that 'the instantaneous slip 
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of the machine during a slip cycle should pass through 

zero' is a necessary, condition to be realised prior to 

successful resynchronisation. During the present invest-

igations, it has,  been shown that this is a myth, and that 

successful resynchronisation can be achieved without this 

pre-condition being fulfilled, provided, certain other 

conditions have been established. Necessary conditions 
for resynchronisation have been detailed in Chapters 7 
and 8. 

1.3.6  Automatic resynchronisation relater 

Based on the results of the various studies de-

tailed above, a scheme is proposed for the automatic re-

establishment of synchronism. A relay based on static 

relaying principles has been built according to this 

scheme and tested on the micro-machine. This relay is 

designed to sense loss of synchronism, and initiate 

necessary corrective action to re-establish synchronism 

automatically in the shortest possible time without any 

human intervention. The relay can be assembled from 

standard logic units and is very easily adaptable to suit 

the operating characteristics of any particular machine 

in the context of its location in a system. 

The proposed scheme for automatic resynchronisation 

is particularly uaitable for use with 'on line' computer 

controls which are envisaged for the future. 
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CHAPTER 2 

EQUIPEENT SPLCIFICATIONS  

2.1 Introduction 

The usefulness of a mathematical model lies in 
the degree to which its results can be relied upon in 

practical cases. To establish the validity of the models 

developed in the present work, it was considered desirable 
to simulate some actual full scale tests and to compare 
the results obtained. Data of three full scale tests 

conducted by the C.E.G.B. on two large machines in 196020,40 

End on one machine in 196246 was available. These three 

series of tests have been simulated and the results dis—

cussed later. 

For a ;proper investigation into any phenomena, 

it is essential to carry out a large number of studies. 

For these studies to be realistic, two different sets of 
micro—machines have been used, so that results obtained 

on the analogue computer can be correlated. 

G G Test machines 

The C.E.G.B. carried out series of asynchronous 

tests on a 60 KW turbo alternator at harchwood power 

station in March, 196040  and on a 30 MW turbo alternator 

at Goldington power station in May, 196040. Imperial 

College actively participated in these tests. Some data 

about the physical parameters of these machines and some 

test results are available in references 20, 40 and 47. 
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Some further data not available in these references has 

been collected from Ref. 43 and from the records available 

in the power-systems laboratories of the Imperial College. 

All the relevant machine data required for the present 

studies is given in Appendix 'A'. 

In addition to Ihe above tests conducted on a. 
120 MW reheat type turbogenerator in June, 1962 have been 

simulated. Details of this set are given in Appendix 'A'. 

2.3 Licro-machines 

2.3.1 Electrical characteristics 

4 ,42 have become quite a handy 

and useful tool in the hands of power-system analysts in 

BritE:in
A2

9  U.S.S.R.43, and France49 for investigations into 

theories associated with synchronous machines. Different 

types of problems4°'44  studied have shown them to be very 

reliable for this type of work. For a fuller study of the 

present problem, two sets of micro-machines - one with a 

laminated salient-pole rotor and the other with a solid 

cylindrical rotor - have been used. 

lo be able to compare and check the results ob-

tained from the mathematical model set up on the analogue 

computer, various constants of each micro-machine set were 

first evaluated by well known tests50. These constants 

and other parameters were then used to calculate the 

coefficients for the equations to be solved on the computer. 

All the necessary data about the two sets of micro-machines 

used is given in Appendix 'A'. A perusal of the data will 
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show that, except in one or two respects, to be mentioned 

later, micro-machines are euite comparable with typical 

large y.i.achines and can 13e said to be reliable models for 

the purpose of investigating practical problems associated 

with synchronous machines. 

2.3.2 Yechanica characteristics 

Si-zulation of the mechanical characteristics of 

synchronous machines consists essentially of simulating 

the machine inertia, the inherent torque-speed character-

istics of the turbine driving a generator or the load im- 
posed on a motor. In addition, time constants of the 

turbine speed-governor are. reeuired in the case of the 

generator. 

The inertia constant of the micro-machine was 

obtained by means of a deceleration test51. It could be 

adjusted to any desired value by means of additional fly-

wheels. Lctual values of the inertia constants used in 

the present work arc Given in Appendix 'A'. 

The torque-speed characteristics of a turbine 

can be approximately represented as shown in Fig. 2.1(a)33, 
having a slope of -1. the prime mover of the micro-machine 

is a d.c. shunt motor having a slope of the order of -20 

or more as shown in Fig. 2.1(b). 3y adding resistance in 

series with the armature of the d.c. machine, it is possible 

to reduce the slope of the torque-speed characteristics. 

Because of the limitations of the current rating of the 

motor and of the supply voltage, it was not possible to 

achieve an ideal turbine characteristic. By adding resist- 
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ance in the armature and increasing the supply voltage, 

a slope of about -8 was obtained. 

2.3.3 Auxiliary eoui=ent 

3.y suitable auxiliary ec.uipment, it is possible 

to sinulate and study the effect of different field time-

constants and field connections, external reactance, bus-

bar voltage, moment of inertia, turbine speed governor and 

voltage regulator characteristics. 

The control panel associated with the micro-

machines contains auto-transformers and reactors ith a 

number of taps, by which different values of bus-bar 

voltages and various magnitudes of external reactances can 

conveniently be arranged. Operation with different field 

connections can very simply be studied by making suitable 

connections. 

The field resistance of a micro-machine, on a 

per-unit basis, is :ouch higher than in a large machine. 

This results in a comparatively low field transient time-

constant. An electronic device called "The time-constant 

regulator" 52  has been developed to reduce the effective 

field resistance and thereby alter the transient time-

constant to the reouired value. This equipment operates 

essentially by introducing controlled values of negative 

resistance in the field circuit by means of feed-back 

circuits. By introrlacing different values of feed-back 

resistance, it is possible to simulate different field 

time-constants. Use of this ecuipment has been made to 

study the effect of varying time-constants on the behaviour 
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of the machine. 

Apparatus is being developed to control the d.c. 

driving motor in such a way as to simulate a turbine drive. 

As this control apparatus was not yet ready when the studies 

were performed, the effect of the speed governor could not 

be demonstrated on the micro—machine, even though a few 

studies with speed governor action were performed on the 

computer. 

With the micro—machine tests it was possible to 
record the variations in electrical power, VAT's, current 

and machine terminal voltage by recording ecuipment. For 

a few tests, the instantaneous electrical power was measured 

by a small analogue computer using operational amplifiers 

and electronic multipliers with suitable voltage and current 

transformers. The output of this mini:,uter was recorded 

by an IN recorder. By using the same equipment, instant—

aneous VArs could also be measured and recorded, 

2.4 Analor,ue computer 

host of the investigations into synchronous 

machine problems by mathematical models have tended to 

employ special purpose electronic computers and simulators 

(References 53 to 61). With these models it has been poss—

ible to simulate synchronous machines and associated equip—

ment to a fairly good degree of accuracy and to achieve 

a very good correlation between full scale tests and pre—

dicted results. By their nature, their applications have, 

however, tended to be rather restricted to the type of 

problem for which they were specifically designed. 
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The mathematical models developed and described 

in the present work are such that no special analogue 

equipment is required. All the studies described were 

carried out on an ordinary electronic differential analyser 

the P.A.C.E. TR48 computer in the mathematical machines 
062 laboratory of Imperial College. TR4o 	is a general 

purpose analogue computer comprising standard computing 
elements that would be available in any good computer. 

The following facilities are available on this computer. 

i) D.C. operational amplifiers used for summation 

and integration - maximum of 48 amplifiers 

including 16 integrators. 

ii) Potentiometers - maximum of 60. Four out of 

every five have one end earthed. 

iii) Diode function generators. 

iv) Cjuarter-scuare multipliers. 

v) Servo-multipliers. 

vi) Relay ,omparators and manually operated 

function switches. 

vii) Operation modes - Pot set, l'eset, Hold, 

i;perate and Repetitive. 

viii) Two voltLleters - one digital and one dial 

type. 

The problem is set on a removable patch-board 
using plugging leads. 

The present analogue computer has only 42 oper-

ational amplifiers and 50 potentiometers. 

An X-Y plotter was used in conjunction with the 

computer to record any one variable with time or with any 

other variable. 
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CHAPTER 3 

GENERAL ILICHINE EQUATIONS 

3.1 General 

The mathematical basis for the investigation of 

the problem of resynchronisation is a set of operational 

equations which express the relationships between the 

various voltages, currents and flux linkages in the machine. 

These ecuations known as the 'general equations' of the 

synchronous machine are the basic equations of the two axis 
general theory of electrical machines45 and are based on 
the assumption that the machine is ideal as defined by 
Park63. 

3.2 Per-unit s ystem 

To be able to correlate results obtained from 

machines of 1,:idely different physical dimensions, the 

method of reducin all the cuantities to a per-unit basis 

is used. It is, however, desirable that the per-unit 

system aC,opted should 	consistent. There are a number 
of different per -filnit systems in use at present. All the 

ecuations and other quantities given in this thesis are 
64 65 expressed in per-unit terms as defined by Rankin ' 

The base-current ratio termed by Rankin as the 
'xad ' base6  - has been adopted as the standard base. Accord-

ing to this definition, base field current is that field 

current which will induce in each stator phase a voltage 
equal to xaciao. The main advantage of using this base 
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is that it makes xmfd numerically ecual to x ad (equal to 
x mu ,). 

3.3 Sign convention 

The sign convention adopted is that of Adkins45. 
The reference axes are fixed and the direction of rotation 

of the rotor, relative to the axes, is anticlockwise as 

shown in Fig. 3.14  - 5 . The primary axis windings are located 

on the rotating member L.nd those of the field and dampers 

on the stationary member. The coil voltages are assumed 

positive when impressed on the coils from an external 

source and currents are measured in the same direction as 
the driving positive voltage. 

With this convention, the instantaneous power 

flows into the circuit from outside if both voltage and 

current are positive. A positive current is assumed to 

produce a positive flux in a direction along the axis 

away from the centre. Positive electrical torc,ue is ob—

tained when mechanical power is passing into the machine 

from outside at a positive speed. Positive torcne thus 

indicates generator action. 

The sign convention adopted corresponds directly 

to motor operation and introduces negative signs for gen—

erator operation. 

3.4 Assumptions 

It has already been mentioned that the 'General 
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Theory of Electrical Machines' 	is based on the assumption 

that the machine is ideal as defined by Park63. In addition, 
the following generally accepted assumptions - have been 

made in working out the theory. 

i) Sym::Letrical conditions exist on the system, 

i.e. zero sequence cuantities are nil. 

ii) Per—unit mutual inLuctances for all the coils 

on a particular axis are equal. 
iii) Damping circuits can be represented by a 

single coil on each axis. For the present, 

the impedance of the damping circuit will be 

assumed to be a function of slip. It may 

thus be written as 

Zk(ju) =r k(jto) -F j U6k( j 	. . .(3.1) 

with appropriate subscripts for the two axes. 

3.5 "voltage equations . 

	 Fundamental ecuations 

On the basis of the above assumptions, the voltage 

impressed on each coil of the idealised synchronous machine, 

represented by Fig. 3.1(a), can be written in terms of the 

corresponding currents and flux linhages. This leads to a 

set of ecuations on a three phase Da, is. When the phase 

Quantities are transformed into the axis quantities, using 

the usual transformations45, the following equations are 

obtained, neglecting zero sequence Quantities: 
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ea  = p'a'd v ycj  ra•id  

e 	= -v + p + r •i d q a q 

. . .(3.2) 

. . .(3.3) 

The voltages ed  and eq  in Ecns. (3.2) and (3.3) 
can be physically interpreted as the voltages impressed on 
fictitious coils on the direct and auadrature axes respect-

ively. With this interpretation, the three 'phase coils' 

of Fig. 3.1(a) are replaced by the direct and o,uadrature 

axis coils as shown in Fig. 3.1(b), which is thus the two 

axis equivalent diagram of the synchronous machine. 

3.5.2 Simplified equations for a machine connected to a 

fixed supply voltage 

Uonsidering a synchronously rotating axis, its 
position at any time 't' can be written as 

e = wot 
	 .(3.4) 

During asynchronous operation, the position 6 of 

the machine rotor, assuming the value of 0 at zero time 

is 7., is given by 

0 = uot 	+ X 

which on differentiation gives 

do v = 	= wo po 

. . .(3.5) 

. . .(3.6) 

With a sinusoidal applied voltage at frequency 

w/27t, the voltage of phase A can be expressed as 

ea = Em • Sin( CJJ
o 	

X ) 
	 . .(3.7) 
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where, En  is the maximum value of the fixed 

supply voltage, and the phase is given by an 

angle M. 

For an a.c. problem, the instant of zero time 

can be chosen arbitrarily. In the present instance, 

working is considerably simplified if zero time is chosen 

so that X = M. Substituting wot = (e+ b —20 from Eqn. (3.5) 

in Eqn. (3.7) and expanding, gives 

e =E., Sinb•Co -J- • Cosb • Sine a . . .(3.8) 

Also the transformation relating ea  to ea  and 
e gives45 

= e 	• Cose + e • Sin0 	. . .(3.9) 

The two values of ea  must be identical for all 
values of t. Hence, equating the coefficients of Cosa and 

Sine in Eno. (3.8) and (3.9), gives 

= Ela • Sino 	 . .(3.10) 

eq  = E • Cosb 
	 . . -(3.11) 

Substituting Eqns. (3.6), (3.10) and (3.11) in 

Eons. (3.2)  and (3.3) gives 

ed = Em • Sinb = p'v,a  + wo  yr 	+ra - id  . . .(3.12) 

ea = Em •  Cosb = —woIrd +31,-d  • pb + p3vg  + ra  • lg. 	.(3.13) 
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3.6 General equations of the synchronous machine  

With the assumthons given in Section 3.4, the 

equations for a system of stationary mutually coupled coils 

as shown in Fig. 3.1(b) can be written down in terms of 

their individual currents, flux linkages and mutual and 

self inductances. these equations are: 

i) Direct axis equations; 

d = Lmd.• if + Lmcl•ikd + (Lmd + 	) id 
	

• 
	.(3.14) 

of = 	rf  + ( Lmd.  + -eof  ) if  + Lind  • p ik d  ',rad  • p d  • . .(3.15) 

ekd 	d. Lin • Pi-Z + fs2kd ( (13) + 1- Trid 	L)))Plikd 

Lmd•p1d 	 . . . ( 3 .16) 

ii ) 	Qua drature axis equations; 

jya = LI,10, • ikq (Lrao +ga )iq 
ekq  = rkq( co) +f Lrici  Zitg_( jW)Jp}  ikc  Linci  • pi ci 

 . . .(3.17) 

• .(3.18) 

The two damper windings KB and KQ [Pig. 3.1(b)j 

Mould in general be short—circuited, and hence 

ekd = e = 0 

3.7 The equivalent circuits 

Eqns. (3.14) to (3.18) can be represented by two 

equivalent opircuits45  , one for the direct and one for the 
q:uadrature axis as shown in Fig. 3.2. The equivalent 
circuits are of value in that they show a clearer picture 



(a) Direct axis 

(b) Quadrature axis 
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Fig.3.2 Equivalent circuits 
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1 + T -o 
. .(3.19) 
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of the mathematical representation Given by Eons. (3.14) 

to (3.18) and also for solving a.c. problems for which the 

numerical results can be obtained. The way they have been 

used in the present work. will be shown in Chapter 5. 

3.8 The operational impedances 

hliminating if  and ila  froze the direct-axis 
Eqns. (3.14) to (3.16), the following equation is obtained: 

r 	(T4 +T5)p + AT  • T6p
2

1 ) 	 L ' i d L  
1+ (T1+ T2)p + 1  • T3p21 

d 	d 

which can be put in the form 

d 
G(p) 

• i
d 	• ef • . .(3.20) 

In a similar way it can be shown that by elim-

inating iko  from the quadrature axis Ecins. (3.17) and 

(3.18), 

It 
1 + To p 

-VP = 	L • i 
q. 

	

	q_ 1 + 
. . .(3.21) 

. . .(3.22) 
we 
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where the functions x. (p) and x (p) are termed 
operational impedances Lnd the tine constants Ti  to T69  

tt 	at 
rcl 
-Lkd' 

Tqo and Tc  are as defined in Ref. 45. - 

It may be mentioned here that Eqns. (3.19) and 

(3.21) as obtained from the literature are particularly 

applicable to laminated rotor machines. EUIS. (3.20) and 
(3.22) are a more general form of the same and can be 

applied to both laminated and solid rotor machines. Reasons 
for this difference will -,.be given in Chapters 4 and 5. 

3.9 Torque equation 

3.9.1 Expression for electrical torque 

The electrical torque is obtained from the power 

passing into the direct and cuadrature axis armature coils 

due to the rotational voltage terms in the Eqns. (3.2) and 

(3.3)45. The electrical power is 

1 Pe  =7[(Rota.,tional component of ed)xia  

(Rotational component of e ,)Ai 

which on substitution from Ecns. (3.2) and (3.3) gives 

Pe  = 	• i ) 7-; - d d e . 	. 	.( 3.23) 

Hence per-unit torque is given by45 

Ali o 	o Te = -P 	= — (11c .1 -lir 	) e 	2 v 	dgqd . . .(3.24) 
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3.9.2 Torque equation under asynchronous operating 

conditions 

Under sufficiently prolonged abnormal conditions 

on the system or the machine, such as sustained short-

circuit, loss of load or loss of field with a generator 

on load and tied in with a system, the speed of a synchron-

ous generator will increase above synchronous. Under these 

conditions, it will normally continue operating as an 

induction generator supplying energy to the system - the 

magnitude of slip and load supplied being dependent upon 

the initial loading, generator constants, impedance of the 

system connected to the generator and the turbine speed-

governor characteristics. Under steady asynchronous operat-

ing conditions, the average generator power is in equilib-

rium with the turbine power, which decreases when the slip 

increases as shown in Fig. 2.1(a). The steady state should 

consequently correspond to the point of intersection of 

the generator characteristic - which indicates how the 

average power depends on the slip - with the turbine gover-

nor characteristic as shown in Fig. 3.3(a)66. In this 
figure, the slip sm  and the corresponding asynchronous 

torque (T_ ) are the cuantities which describe the state c).s m 
of steady asynchronous operation. 

In actual practice, the machine will not follow 
the straight path A-113 shown in Fig. 3.3(a) to come to a 

stable state, because of the dead zone (if any) of the 

speed governor and the delay in the servo-motor. Depending 

upon the time constant of the governor, it will settle down 

after a few oscillations around the point of stable 

asynchronous operation (A) as shown by the helical path 

in Fig. 3.3(1)). 
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Under these conditions, the uammation of the 

instantaneous torques acting upon the mechanical system 

must be zero. Consecuently, the relative motion of the 

generator rotor is determined by the equation 

ET = Accelerating torque = Input torque(mechanical) 

- Output torque(electrical) .(3.25) 

Now, 

Accelerating torque67 = d2, 2H d2b J = 	• 
dt2 wo dt2 . . .(3.26) 

Input torque (mechanical)25  Tt  = To  + apb + N 	. . .(3.27) 

where To = initial torque per-unit, 

a = slope of prime mover torque speed 

curve33  = -To 
b.pb  
1+ T_do turbine governor characteristics 

. .(3.28) 
(simulating the governor characteristics by 

a single time constant--T 
g' 

and governor 

amplification factor--b). 

Output torQue(electrical) as given_ by Eqn. (3.24) 

wo  

Eqn. (3.25) may be re-written as 

211 	2, 	0 	• d 	t i ) uo 
• P u 	` 7 Id 	q . . .(3.29) 

Eqn. ( .29) is equally applicable in the case of 

synchronous motors , when Tt  is suitably represented to take 

account of the characteristics of the driven load. 

N = 

° i = 2 'acicld 
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CHAPTER 4 

SIMULATION OF LAMINATED ROT OIL laCHINE 

4.1 Introduction 

Operating characteristics of synchronous machines 

are generally defined by certain well-hnown constants. In 

the strictest terms, these constants are not constant as 

they vary with slip, which in turn depends on the operating 

conditions in the system. This dependence of the machine 

parameters on the system operating conditions makes an 

exact solution of the ecuations impossible. Also, due to 

the rotor not being symmetrical on its two axes, currents 

in the supply leads pulsate. This results in pulsations 

in the watts and VArs components of the asynchronous volt-
amps accompanied by constant oscillations of speed (slip) 

about a fixed sverage value. 

The solution of the machine ecuations by analy-

tical meh.ods44 is possible only by adopting simplifying 

asumptions. The validity of solutions thus obtained is 

doubtZul. With the help of an analogue computer, it is 

posE3ible to solve these equacions without adopting any 

further assumptions. 

Using the parameters of a set of micro--machines, 

the equations have been solved both by an analytical method 

and as a mathentical ;:iodel on an analogue com;mter. The 

results obtained by these two methods have been compared 

with those obtained on the micro-machine itself. It is 

shown that the results obtained by the mathematical model 

produce a much better correlation than those obtained by 
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the anEaytical method. 

The analytical method End the analogue computer 

simulation are described below. 

4.2 	Represents tion of the damping circuit 

-lecause of the laminated construction of the 

rotor, eddy currents in the rotor body are eliminated to 

a very large extent. Instead a scuirrel-cage damper wind-

ing is provided to produce the necessary damping effect. 

In practice, this winding consists of a number of circuits 

carrying different currents and would require a large 

number of coils for its exact representation. However, 

for most practical purposes, representation of the damper 

winding by only two coils KD and KQ, as shown in Fig. 3,1, 

is well accepted Es sufficiently accurate47  '. In this case, 

impedance Z, of the damper circuit given by Eqn. (3.1) is 
generally taken to be 

Z, = rk/c 	juok = rk/s + 
	. . .(4.1) 

The values of constants rkd' rkc,  xkd and  xkq 
cannot be obtained directly by any test. They shave to be 

obtained either from design calculations or indirectly by 

suitable manipulation of the expressions for the constants 

T1  to T69 Tejo  and Tci  [Eans. (3.19) and (3.21) as given 

in Ref. 45. 

Out of the time-constantsto T ' T 	and T , 
Ill1 	6 	qo  

constants T1' T3' T4' T6'q o and 	were obtained direciay 
50 by tests and all other parareters were calculated there- 
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The v.1 ,ae of stEtor Deakge reactance xa  has, 

however3  still to be calculated either from design data 

or it nay be ap-oroxiated by the Fotier reactance x . 

For the set of micro-machines used in the laminated rotor 

from 
c :  

the value of xa as calculated by 1iidger68  from 

design data was ado-oted. 

4.3 Anal, 	-ithod 

number of ecuations describing asynchronous 

operation, given in Chapter 3, are functions of slip (speed) 

Owing to pulsations in speed, an exact analysis of asyn-

chronous operation would require the solution of non-linear 

differential ecuations. One of the methods of solvinz 
3  these would be by the we 	step-by-step process31 32  

usually adopted in transient sta-oility studies of power 

systems. 

be of any value for the asynchronous operating 

conditions, normal step-y-step methods would have to be 

refined to take into account, in each interval, the changes 

of the turbine out-out, the synchronous power and the asyn-

c:.ironous powo:L. hot only will this make the calculations 

extremely lengthy and laborious, the results obtained will 

still be of dou()tful value, as they will depend directly 

upon the accuracy with which the turbine output and asyn-

chronous power iith varying speed can be predicted. To 

simplify this cumbersoT,ee process, an approximate method 
- 44 has been di suggested by Lehta and Ans . Ey this method, 

the pulsations in toreue are calculated on the following 

assualptions: 
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i) Speed is constant; for which condition the ecuations 

become linear. 

ii) Slip is vein-  small, i.e. slow transient changes; 

thus tems 1,yhich depend on the rate of change of 

dirtyT C or o can be neglected. 

iii) 2:Lr1.1:ature resistance is neglected. 

These tcr:ue Pulsations are then used to determine 

the pulsations of speed. 

Details of this method are given in Appendix B. 

4.4 Mathematical model 

4.4.1 General 

It would be observed from Section 4.3 above, 

that some of the assumlptions made to arrive at an analytical 

solution of the asynchronous operation are very drastic 

and difficult to j.,:'_stify for the particular conditions 

under study. To obtLin _.ore reliable and accurate results, 

it is imperative that the number of assumptions be kept to 

a MifliEUTI and the direct effect of maximum possible system 

paramsters Jie included in the solution. 

In l93x , Shoults et. al.69 carried out certain 

studies on the pull-in characteristics of synchronous motors 

using a mechanical differential analyser. In the present 

work, their ap-oloach has been suitably modified to study 

the asynchronous operation of synchronous machines  in 

general. Various studies described henceforth were carriea 

Out on the T'R4U analogue computer described in Section 2.4„ 
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The main advantages of using the analogue computer are 

detailed below. 

i) The number of assumptions made is reduced to a 

minimum. In fact no more assumptions than those 

inherent in the basic theory enumerated in 

Section 3.4 are made to arrive at the solution 

of the resulting non—linear differential equations. 
ii) With the use of mathematical models, it is possible 

to achieve, without any special difficulties, a 

wide variation of the parameters of the machine. 

Characteristics and parameters of the auxiliary 

equipment such as turbine speed—governors and 

voltage regulators, and the size of the system, 

as is compatible with the size of the analogue 

computer available, can be studied in detail. 
iii) The equations developed for simulation on the 

analogue computer permit the application of 

suggested methods33 of allowing for saturation. 

iv) Ls will be seen in Section 7.2, analytical study 

of the process of resynchronisation by the method 

of Section 4.3 will involve still further 

assumptions and will lead to very approximate 

results. 	the use of an analogue computer, it 

is possible to study both the asynchronous oper—

ation and the process of resynchronisation by a 

single iprogrE.-.. -Jalie without making any further 

assumptions. Also, this programme can very easily 

be adapted to study all modes of operation. 

v) Investigation by mathematical models makes it 

possible to define and analyse those problems 

which are either not defined at all in other 

methods or require special devices for defining 
them. 
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4.4.2 Formalation of the mathematical model 

The problem of asynchronous operation and resyn-
chronisation can be studied in full by the simultaneous 

solution of Ecins. (3.12), (3.13), (3.19), (3.21) and (3.29) 
on an analogue compuer. However, to be capable of easy 

representation, these equations will be stated in a modified 
form. Here Lcins. (3.19) and (3.21) are to be interpreted 
on the basis of Eqn. (4.1). 

) Ecns. (3.12) and (3.13)  

Sy re-arranging Eqns. (3.12) and (3.13), the 
following more suitable form is obtained: 

Pt d = w • sino ra id  - wo3vg  3/,-ci  • Pb 	. . ( 4.2 

p3i,c,  = Ern ° Cosb -ra  . ici  + c,303Yd  -lira  . 'Do 	. . .(4.3) 

(b) Eq_n. (3.19) 

Tet 1P-a_  = L .  . id+d1+3k-d2 . • .(4.4) .11fr   

(A - 
R 	 a 	a where Kdl = 	 . . .(4.5) 

L 	2 d(Ad- . Pid+ ad2 • 3d2 .  and 	,d2  	.(4.6) -fr. 	- 	P + ad2 

From Ecn. (4.5)9 11"di  can be expanded and is 

L .-.13 .a .e, d  dl dl 1 
/1'0_ '.Adl.id +  P 

L 	( AO °Pic" + a  dl . Bd1 . ef ) 
10  ( P + a di ) 

Dia+ adl • 8(11  • 
ef)  

p + a  61l 

ef) 
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dl = u alc 
oi_ 	a  

dif0 11 ' a- -L °B .e d al f) dt 

',3i-z.dlarly, from Ecn. (4.6) 

d2 = Ld .Ad2 	- ad2  I d2  -Ld  "7,  •e,) dt 

From -ans. (3.19) and (4.4)9  

.(4.7) 

.(4.8) 

dl 
I xd(P) 

i 
e  

Jo 1C1 	 . . coo 	 j0 

The coefficients of Ecins. (4.7) and (4.8) 
can be obtained by substituting Ecns. (0.2) and 
(0.3) [Appendix '0'11, (4.5) and (4.6) in Eqn..(4.9) 
and dividing both the denominator and numerator 
of right-hand side by (49, -f .--kd +  'gkd'ilmd)  • The 
denominator of the resulting expression is 

2 	(rkdeLf 	rf'Lkd) 	rf • rkd  
) + ( ' -u 

T 

	

kd + -gkd"ljrad) 	(-gf 'Lkd +  *gkd L;17d7 

which on fetorisation and simplification gives 

adl' ad2 

) 	,2 	_ 
1 ' 	2 + 	1+12 - 2I-Ll'r22+ 41,

2 
/r 	 md f kd 

flleT3 
. .(4.10) 

Solving the identity resulting from Lcn. (4.9), 

the constants and coefficients of p and p2 can 
be obtained as below: 

2 
xmd  xd  - xd 	adl   rerkd 	1  Adl - 	-r- 	 .71 -0 	)P0 xd 	k a dl d2 	
Y 	

`-d1,-"d2'Ll3 

. . .(4.11) 



( a 	— CC 	• (7,  • g  
d2• 1 -3 'al f 

( adi•rkd 1) 

13a1 	
md 

 . . .(4.13) 
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ii 	 2 
X —Y a 	r,-Er d -d 	md 	kd 	1  Ad2 = 	

d2 	x 
 xa 	 % ) ° q-13 

	

uo.xa 72f.rk' 	N T   
. . .(4.12) 

x 	(-ad2 -kd 91  +1) ad. _ 
x TT-  -cc T' 	sa 1" di 	d2 T-1 T  3 d2.  f 

. . .(4.14) 

Ecn. (4.4) re-arranged for representation on the 

analogue computer becomes 

)0 	Iv 
= x [ d 	di - lvd21 
	. . .(4.15) 

where 1-d1 andd2 are given by EQne. (4.7) and 
(4.8) respectively. 

(0) 	=c ;n. (3.21) 

From _TIon. (C.5), 2_ppendix 'C 9 

2 
r 	

L 	..-0 	i I 	mg_ i  
1ff 	= i I _ 	 ? e. i 

CI 	1 Ci 	I" r ,_ n  ± ( L 	+ L 	)pll 	q  L  kci 

It nay be exiDanded to 

2 
L2  is 	rkci 	Lmg.13 

Lm Ci +-&ha 	(Lmc-F-bkc)p [rke(Lmcii-ZkOp 

. . .(4.16) 
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4 5 By definition y 

2 	 H 
L 	Lmci • -6kg_ _ "g mg,  

[Lci 	
. . .(4.17) 

(L 
= 

(I,mg 4- Zko) 	coomci + zk CI  ) 

which on substitution into Egn. (4.16) and by 
suitable re—arrET.ngement Lives 

= 1 - • i 	d 	dt - 
coo 	coo •T ciao  

ii . 	.(4.18) 

En. (4.18) re-arranged for analogue computer 
solution would be 

w 	w
o 	x 

i
q 

= ____°. , Ar + 	 0.  ry dt  	is at . .(4.19) H 	q 	H 	it 	q 	II 	It 
Zr

ci 	x • T 	x •T 	' 	' q cio 	0 CIO 

(a) Ecin. (3.29) 

Ecin. (3.29) re-arranged for solution on the 
con:outer becomes 

2 
30 30 m  p26 = 	(V/' •i 	•i ) 4- 	• 4-lido 	qd 	2H 	't . . .(4.20) 

where Tt  can easily be represented on a computer 
by Ecin. (3.27). 

The re-arranged Lens. (4.2), (4.3), (4.7), (4.8), 
(4.15), (4.19) and (4.20) form the mathematical model. 

Their simultaneous solution render: it possible to study 

any mode of asynchronous operation and resynchronisation 
of a laminated rotor synchronous machine. 
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4.5  Procedureforpractical solutions 

5.1 tinlytical solution 

Using Eqns. (3.16) and (3.17) [Appendix 'D'], 

output torue pulsations and mean asynchronous torque can 

be calculated by using appropriate bus-bar voltage 3 and 
the values of the operational admittances Yo, Yb' Yc and 
Yd derived from Ecns. (3.11) and (3.21) for a range of 

slip vJlues. The effect of different time-constants and 

various values of discharge resistor can be studied by 

substituting appropriate time-constants into these equations. 

The behaviour of the machine with an external reactance 

between the machine terminals and the infinite bus-bar can 

be studied by combining the external reactance with the 

armature leakage reactance and modifying accordingly all 
5 7 the machine constants4  -' 0, 71  

Field open-circuit condition can be studied by 

taking field resistance as infinite i.e. field time-

constant as zero. For conditions with the field excited, 
total torque may be calculated as described in Section 3.1.2. 

Slip pulsations can be calculated by substituting 

ap=opria.te values into 17,tn. (3.25). 

This method lends itself, unite readily, to 
solution on a digital computer provided the assumtions 

adopted in arriving at the various equations can be justi-

fied or improved methods found to incorporate the various 

non-linear factors involved. Recently some literature has 

been published in Russia72'73'74 and Hungary21'75 for the 
determination of res-oonse characteristics, but this either 
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gives approximate representation or reguires actual tests 

on the =chine which are not always feasible. Further, 

because the external reactance and the armature leakage 

reactance are lumed together, it is not possible to 

calculate the voltage fluctuations at the machine term-

inals. 

4.5.2  Use of the micro-machine  

The micro-machine consists of a three-phase 
wound stator with set of rotors of different typos, for 

example, cylindrical or salient-pole, laminated or solid, 

.ith or without damper bars, end rings, etc. Some rotors 

also have auxiliary windings on the direct and euadrature 

axes for the study of various phenomena. For the study 

of individual machine behaviour End investigating new 

problems it is very useful and convenient. Due to the 

number of model machines recuired and the cost involved, 

their use is, in general, limited to small-system studies. 

. ith suitably designed micro-machine good sim-
ulation of large machines is possible. In order to check 

the reliability of the analogue computer model, a selected 

number of tests were carried out on a micro-machine using 

a laminated salient-pole rotor. The rotor had damper bars 

with complete end rings between the direct and quadrature 

axis bars forming a scuirrel cage. The tests correspond 

to a few out of the extensive set of studies performed on 

the analogue computer. For these tests, output power, 
current, terminal voltage and slip were measured or recorded. 

Details of the micro-machine are given in Section 

A.2 and a comparison of the results is made in Section 4.6. 
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4.5.3 Lechanisation of the equations for  solution by 

analogue comuter 

Fig. 4.1 shows an outline diagram for the sim-

ultaneous solution of Eqns. (4.2), (4.3), (4.7), (4.8), 

(4.15), (4.19) and (4.20) on the TR48 analogue computer. 

All factors such as scales, signs and other considerations 
involved in obtaining the solution of the numerous sim-

ultaneous equations are omitted from this diagram. For 

the studies performed, a mathematical model of the micro-

machine mentioned in Section 4.5.2 was set up. Various 
studies were performed by suitably adjusting the attenuator 

settings and making alterations to the patch diagram where 

necessary. 

It is quite easy to represent the following modes 

of operation. 

i) No excitation, field shorted on itself. This 

condition is represented by putting elc= 0 in 

Different time-constants were studied simply 

by changing the coefficients of these two equations. 

ii) Field o-oen circuit i.e. rf =o0. In this case, the 

values of coefficients ad,, ad2' a  Adl  and A,2  given - 
by EcLns. (4.10), (4.11) and (4.12) reduce to 

adl = 
1/2T 3 
	 . . .(4.21) 

aa2 = 	 .(4.22) 

2 
Adl = 	" 

x
Md./ x

d 	, 	 . . .(4.23) 
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LEGEND 

Fig.4.1' Simplified schematic diagram of Analogue -
Computer Patch-panel as arranged for the 
solution of Salient-pole Synchronous machine 
equations _ laminated 	rotor 
(Factors such as scales , signs , etc. are omitted )  
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x , ma  A = 	1 d2 x a kd 
. . .(4.24) 

Eqn. (4.0) in the light of Ecin. (4.22) reduces to 

lird2 = ° 
	 . . .(4.25) 

iii) Field closed and excited. This condition was 

simulated by adjusting the setting of relevant 

attenuators according to the required e:xitation. 

Using a comparator relay, the field can be 

boosted - if desired - at any preset moment in 
the slip cycle. 

iv) Transmission line or external reactance between 

the machine terminals and the infinite bus-bar. 

Representing the external reactance or the trans-

mission line by a resistance (re) and reactance 

(xe)IJ, (Fi. 4.2), Ecns. (3.12) and (3.13) are 
modified to 

edm = Em.Sino-xp•iq  -re•id = plvd +uoyci q  -liv•pb+ra•id  .(4.26) 

eqm  = Ern•Cos + xe  • id  - re  •ic  = -woli'd +Ird•pb+plirci -Fra•iq  . (4 .27) 

For this condition, the patch diagram was 

modified to corresi)ond to Egns. (4.28) and (4.29) 

given below (instead of Eons. (4.2) and (4.3)J. 

:Od  = Em.Sinb -xe•ic  - (re + ra)id -cooirci +lirci•pa . .(4.28) 

Vibeq  = E•Cosb+xea  •i,- (re + ra  )i +co -Yr -1r .pb 	. .(4.29) o d 	d 

v) Infinite bus-bar at different'Voltages. This 
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on the Analogue Computer t, 
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requires changing the value of Em  in Earls. (4.2) 
and (4.3) to the required per-unit value. 

vi) Moment of inertia. Changing the value of H in 

Eqn. (4.20) to the required value, effect of 

moment of inertia can be studied. 

vii) Effect of speed---governor and its characteristics. 
In the 1;resent series of studies, only a velocity 

governor represented by a single time-constant25 

(Eqn. (3.28)] was simulated. Typical constants2 "7778  
for speed-governors fitted to hydraulic turbines 

were used and the effect of varying the droop 

characteristics was studied. 

The first step in carrying out any set of studies 

was to let the computer run with the selected conditions 

of operation. Each of these runs was carried to a point 

where the slip oscillations became repetitive. By making 

use of the 'hold' facility on the computer, outputs of 

various integrating units were read and noted down for a 

complete slip cycle. Values from these records were then 

used in making 'initial condition' settings for all sub-

sequent runs for that study. By repeating the same run, 

any desired quantity was recorded by an X-Y plotter. 

Records of watts and VArs were taken by mech-

anising the following two ecuations: 

Watts = - 2 
 o nit

d. 
 .4 

	- 'T  d 

VArs = 'i +Ir 	) 2dd 	(lei • . .(4.31) 
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The terminal -voltage of the machine was recorded 

by simulating the following equations: 

edr. = Em-Sin6 	xe iq red 

eqm = -113m°Cosb + xed 	re 

. . .(4.32) 

. . .(4.33) 

et  = /(e
2
dm 	q + e

2 
m)/2 

 

. 1(4.34) 

4.6 Comparison of results 

The mean asynchronous operation characteristics, 

derived by three different methods, viz., 

i) analytical solution 

ii) micro-machine 

iii) analogue computer 

described in Section 4.5 for a salient-pole synchronous 

machine under different conditions of operation, are shown 

in Figs. 4.3 to 4.8. The various curves given in these 

figures clearly show that, on the whole, the results obtained 

on the analogue commuter are more realistic and closer to 

the practical values than those obtained by the analytical 

solution of Section 4.3,. which is based on a number of 

assumptions. As a further check on the dependability of 

the computer results, mean current is plotted in Fig. 4.9 

against mean torque for three different conditions. Results 

obtained on the computer are considered to be quite reason-

able and justify this method of studying the behaviour of 
a laminated rotor synchronous machine during asynchronous 

operation (Chapter 6). This Gives confidence to the study 

of resynchronisation (Chapter 8) by the method detailed in 

Section 4.4. 
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A number of parameters required to calculate the 

coefficients of different terms in Eqns. (4.7) and (4.8) 

could not be found by any direct test50 and had to be 
calculated by indirect procedures from the various express-

ions for standard time--constants45 where-in these parameters 

occur. Some of these parameters can be calculated from 

more than one expression and the values differ slightly 

depending upon the assumptions involved in arriving at that 

expression. By a suitable choice of. expressions from which 

these parameters should be derived, results obtained from 

the analogue computer can give even better correlation with 

the practical results than those shown in Figs. 4.3 to 4.9. 



CHAPTER 5 

SIMULATION OF  SOLID ROTOR MACHINE 

5.1 Introduction 

Laminated rotor machines are generally provided 
with damper bars, with or without end rings, to provide a 

damping effect in case the rotor speed departs from syn-

chronous speed. Unlike laminated rotors, damping action 

in solid rotors is produced by the eddy currents induced 

in various parts of the rotor body. The main solid-iron 

rotor body contributes much more to the total damping 

action than the metal wedges40 which have a much smaller 
effective cross-section. 

Because of the complicated distribution of the 

eddy currents in the rotor, their damping circuits cannot 

simply be represented by a single coil on each axis as in 

Section 4.2. Attempts have been made in the past to 

calculate the effect of eddy currents in a synchronous 
machine7980,81,82 ased mostly on consideration of a 
rotating flux in a uniform air gap. Some of these invest-

igators also developed methods to take account of the 

variation of permeability. For studying the asynchronous 

operation of synchronous machines, none of these approaches 

is realistic, because flux in the rotor body reverses 

periodically as the rotor slips. 

In solid rotor machinit, eddy currents may result 

in pronounced 'skin effect'. Thus the magnetising char-

acteristic tends to be highly non-linear. To investigate 

effects involving magnetic saturation, a number of 
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authors2028'40 have recently made use of the limiting 

non-linear magnetic theory83. This theory uses an ideal-

ised rectangular curve to represent the magnetisation 

curve of rotor material, as shown in Fig. 	All these 
authors have worked out expressions for the impedance of 

the rotor using various simplifying assumptions. 

The expression derived by Eharali and Adkins40 

is based on minimum assumptions and is also particularly 

amenable for use in a mathematical model. Representation 

of the damping circuit and the development of the math-

ematical model is described in the following sections. 

To check the viability of the method adopted, certain full 

scale tests conducted by the C.E.G.B. on their system 

were simulated. 

5.2 Representation of the damping circuit 

5.2.1 General expression 

Reprc:sentation of synchronous machines by 

equivalent circuits, one each for the two axes, has been 

mentioned in Section 3.7. One branch in each of the two 

equivalent circuits given in Fig. 3.2 represents the rotor 

damping circuit for that axis. To allow for the effect 

of eddy currents in the solid-rotor body, impedances of 
these two branches are represented by variable complex 

impedances Zkd  and Zkci. The expression for Zkd has been 

derived in Appendix 'D' and is given by 

640 	P.Bs . 1 .  j26.6°  
Zkd - 	 '. kV' 6  ki °w 

 2 

6 	Om 	s 9ic 
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which in the case of a laminated rotor machine is 

expressed in the form 

Z = kd --g
rkd  

— 3wo Ckd —T—
rkd 

 Jxkd • . .(5.2) 

On the basis of the experimental results, it has 
been suggested (Appendix 'D') that the value of quadrature 

axis rotor impedance be taken equal to that of the direct 

axis impedance as given by Eqn. (5.1). In the case of 

cylindrical rotor machines, this assumption is considered 

mite reasonable and is confirmed by the virtual lack of 

pulsations during asynchronous operation with open field. 

5.2.2 Considerations involved in calculating numerical 
values  

Eqn. (5.1) renders it possible to calculate, 

from the physical dimensions of a rotor, the damping effects 

produced by rotor eddy currents. To obtain numerical 

results, it is, however, necessary to estimate the effect—

ive length ',V as well as the approximate value of Es, 
both of which are somewhat indefinite. 

For the direct axis, the length is tE.ken eaual 

to the peripheral length in the iron of the path passing 

below the teeth. 

The value of Bs  has to be determined on an 

empirical basis. The value of B corresponding to normal 

flux would be too low for Bs, since that would mean that 

the flux would always penetrate to the centre at the 
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maximum value. Various proposals40'03'64 have been made 

for the appropriate value to be taken. A value about 30°/o 
above the normal value was found to give best results while 

checking this theory on some large machines40. Because of 
mutually cancelling effects, selection of a suitable value 

of Bs is, however, not very critical. 

In practice, machines are generally connected 

to a source of fixed voltage through a high impedance. 

Because of the lower effective voltage at the machine 

terminals, the effect of Bs  is further decreased. 

Having fixed the appropriate value of Be,, the 
calculation of Zkd can be made for a definite value of 0. 
Because of the stator leakage and transformer reactance 

drops, the flux varies slightly with load. A correction 

has been made for this effect by estimating the terminal 

voltage for each condition studied and then correcting the. 
value of 0  used in calculating the rotor impedances. 

5.3 Mathematical model 

5.3.1  General  

Keeping in view the general observations made 

in Section 4.4.1 regarding the usefulness of studying the 

problem of asynchronous operation and resynchronisation 

with the help of a mathematical model, it was considered 

desirable to simulate the solid rotor machine in addition 

to the laminated rotor machine. Damper circuits in the 

solid rotor have a variable complex impedance as described 

above, instead of a single valued impedance as was assumed 
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in the case of the laminated rotor. It is, therefore, not 

possible to use the same mathematical model as adopted in 

Section 4.4, and a completely different approach, described 

below, has been acopted. 

5.3.2 Explanation of the adopted method 

The problem of asynchronous operation and resyn-

chronisation for a solid-rotor synchronous machine can be 

studied in full detail by the simultaneous solution of 

Eqns. (3.12), (3.13), (3.20), (3.22) and (3.29). Out of 
these, Eqns. (3.20) and (3.22) cannot be treated in their 

corresponding form given by Eqns. (3.19) and (3.21) respect-

ively, as was the case with the laminated rotor machine. 

Instead Eqns. (3.14) to (3.18), from which Eqns. (3.20) 

and (3.22) are derived, can 'oe represented by the two 

equivalent circuits shown in Fig. 3.2. Employing TR48 as 

a direct analogue85   9  it is possible to synthesise the 

mathematical model from these two equivalent circuits in 

conjunction with Eqns. (3.12), (3.13) and (3.29). 

The method described in Ref. 85 is applicable 

directly to'obtain the solution of ordinary linear differ-

ential equations with constant coefficients. In the case 

of solid rotor machines, one branch in each of the two 

equivalent circuits contains terms which are functions of 

a system variable, and, therefore, cannot be represented 

in the ordinary manner. These branches have been simulated 

in the mathematical model by an alternative approach. The 

approach adopted highlights still further the two axis 

theory. 
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Since the two axes are at right angles to each 

other, corresponding axis quantities such as ea  and eq  or 

id and i have a time phase relation of 90 degrees with 

each other. This was shown to be a valid representation 

(Figs. 5.2 and 5.3) from the analysis of full scale tests 

conducted by the C.E.G.D. on a 30 LAI turbogenerator set 

at Goldington in 1960 and also by the analogue computer 

studies performed in the present work. This phase relation-

ship remains unaltered even when the wave-form of these 

quantities is fax from sinusoidal during certain asynchron-

ous operating conditions. Since the rotor impedance on 

the two axes has been assumed equal in phase and magnitude 

(Section 5.2.1), the property of a constant phase relation-

ship has been used in developing the mathematical model 

for the present case. 

Putting p = jswo, it will be observed that the 

two equivalent circuits, shown in Figs. 3.2(a) and D.3 are 

identical. From Eqn. (5.1), by expansion of the exponential 

term, 

4
ff kv.k 	

pB 

Zkd - 97,   
 1 [Cos 26.6 + jSin26.6] 	. .(5.3) • - 	i 	Om 

or sZkd 	• ' = 0 89AZdl  + j0.448Zdl 

where 

640 Z 	= 	 •k 	 k. •Z• P 	.33  dl ,72 v i 	Om  

. . .(5.4) 

• • 1(5.5) 

= constant, for particular conditions of 

operation. 
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Comparing Figs. 3.2(a) and D.3, sZkd  may be 
written as 

77 

eZkd = rkd(icu)+ P‘&kd(i w)  

From Eqns. (5.1) and (5.6), therefore, 

rkd(jw)  = 0.894 Zrn  = F (say) 

and  Pzka(jw) 	0.448 Zdl = iG (saY)  

. . 411(), r 6) 

. . .(5.7) 

Similarly, the quadrature axis rotor-circuits 
can be represented by 

rkci(jw) = Zdl • Cos 26.6° 
	. . .(5.9) 

and 13,6kg_(jco) = j Zd1 • Sin 26.6° 
	. . .(5.10) 

Using Eqns. (5.7) to (5.10), the following 
equations can be written to simulate the two equivalent 
circuits shown in Fig. 3.2. 

i) Direct axis 

PlKd = 	+ Lmd.P(id + ikd +  if) 	. . .(5.11) 

ekd = eZkd.ikd + L  P i  + md (  d 	kd+)  = f 	. . .(5.12) 

of  = (rf  + ,e,f p)if 	sz.. xa ikd 	. 	.(5.13) 

ii) Quadrature axis 

pZYq  = Za•pici.  + Lnicip(ici + ikci) 	.(5.14) 

ekci  = sZka.ika 	Lincip(ici + ika) 	. . .(5.15) 



78 

5.3.3 Formulation of the mathematical model 

Eqns. (3.12)5  (3.13), (3.29) and (5.11) to (5.15) 
set up for simultaneous solution on an analogue computer 

form a mathematical model for the study of asynchronous 
operation and resynchronisation of a solid-rotor synchron-
ous machine. Of these, the first three equations need to 
be re-arranged as described in Section 4.4.2. Modifications 

necessary in Eqns. (5.11) to (5.15) to make them also 
suitable for simulation are given below. 

(a) Eqns. (5.11) and (5.14)  

By re-arranging and integrating both sides, 
the following suitable form is obtained: 

Lmd  
id =1  	• ikd - d Ld  

Lmd 
La 

• i
f . . .(5.16) 

1 i a 	L 
q 

Lmq 
'kg.Lq   • . .(5.17) 

(b) Eqns. (5.12) and (5.15)  

Re-arranging Ecin. (5.12), 

Lmd•pikd = -Lmdsp(id+i) 	sZkdkd 	. . .(5.18) 

Substituting sZkd  = (F+ jG) from Eqns. (5.6) 
to (5.8), Ecin. (5.18) becomes 

Imd .Pikd = -Lmd.P(id +  if)  - (F+iG)ikd 	. . .(5.19) 
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which may be 

Lmd°pikd = 

Substituting 

and re-arranging, 

LL 
 

put in the alternative 

-Lmd•p(id + if) 

for pia  from 

F•ikd -G•i 

Erin. 	(5.21), 

-G•ikcildt- 

Eqn. 	(5.15) 

[F.i 	+ kg 	kd 

Eqn. 	(5.23), 

• l [F ikci + G • ikd 

F•ikd + Giikg 

Eqn. 	(5.11) 

-nV 

form, 

. 

in Eqn. 

Pif 

if 

as 

. 	. 

. 	. 

.(5.20) 

(5.20) 

.(5.21) 

.(5.22) 

.(5.23) 

.(5.24) 

Pikd = 	t kg 
a 	and 

Integrating 

d ikd 	f[11.1kd 

- 	-c-d. 
a 

gives 

• 
1 
76-.1

lir = 	
P 	*Lr 'a -umd 

Similarly, 

q  

d a 

can be written 

- ---'101/17 ,6a 	- 

gives 

1 	• dt - Y 

Pikg = 	a.1,mq 

Integrating 

 Lq ikg 	I = 	
a 	mg 

(c) 	Eqn. 	(5.13) 

ta 	q 

Rewriting and substituting for sZke ikd in  
the same way as described for Eqn. (5.12), 

EcIn. (5.13) can be written in the alternative 

form as 

. . .(5.25) 

' 
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5.4 Procedure for 2practical solutions 

5.4.1 Large  machines  

5.4.1.1 Tests without  speed governor  

Certain records of asynchronous running tests 

conducted by the C.E.G.B. in 1960 on a 30 ILISW turboalternator 

in Goldington power station and a 60 MW set in Marchwood 

power station were available. The various parameters and 

dimensions of these two machines and system conditions at 

the time of the tests, as far as known, are given in 

Appendix 'A'. Using these conditions and keeping in view 

the considerations mentioned in Section 5.2.2, constants 

for the various equations forming the mathematical model 

were calculated and the tests simulated on the analogue 

computer. In the full scale tests, the turbine speed-

governor was set at its maximum value, thus making it 

ineffective for the range of slips encountered. Studies 

on the mathematical model have accordingly been done 

without simulation of the governor characteristic and a 

constant mechanical input was assumed. 

5.4.1.2 Tests with speed-governor and voltage regulator 

In addition to the above tests, a further series 

of tests which were conducted on a 120 MW set at Staythorpe 

'B' generating station during June, 196246  have been sim-

ulated. All the necessary data of this machine is given 

in Appendix 'A'. In this test series, the automatic 

voltage regulator and the turbine speed governor were both 

in use. Due to the non-availability of sufficient elements 
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On the TR43 analogue computer, it has not been possible 

to simulate these tests fully. However, two of these tests 

have been simulated in a slightly modified form. 

In one of the tests, the machine was pulled out 

of synchronism by suddenly switching three 132/275 KV 

supergrid transformers from parallel to series connection 

thereby simulating the sudden disconnection of one circuit 

of a nominally-loaded 100 mile 400 KV double circuit line. 

During the ensuing out-of-step operation, the automatic 

voltage regulator maintained an effectively constant 

excitation and the speed-governor reduced the load on the 

set. In the analogue computer studies, out-of-step oper-

ation was initiated by the same means i.e. suddenly increas-

ing the reactance between the machine terminals and the 

infinite bus, but due to the absence of a speed-governor 

simulator, the mechanical torque was gradually reduced by 

hand to the real test value in such a way that the maximum 

slip attained was approximately the same as in actual test 

conditions. This of course, gave a very crude regulation 

during the transient period till the machine settled down 

to a steady operation. 

In a second test, asynchronous operation was 

started by manual tripping of the main field switch and 

shorting the field through a discharge resistor. The super-

grid transforMers were operated in parallel throughout. 

After steady asynchronous operation was attained, resyn-

chronisation was attempted by applying field excitation 

at random. Steady asynchronous operation and resynchron-

isation has only been simulated on the analogue computer 

without taking into account the effect of turbine speed-

governor and automatic voltage regulator during the process 

of resynchronisation. 
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5.4.2 Kicro-machine 

Studies performed on the analogue computer were 

also repeated on a micro-machine using a solid cylindrical 

rotor. All the necessary details of the set used are given 

in Appendix 'A'. 

A good deal of experimental work in connection 

with operational impedances of the solid rotor was carried 
out by 3harali48. The same rotor as used by Bharali has 

been used in the present studies. The theoretical deriv-

ation of the expression for the rotor impedance, as worked 

out in Appendix 'D', is based on an idealised, static 

electro-magnetic model and a semi-infinite slab of iron. 

The result of assuming a semi-infinite slab is 

to neglect end effects. This assumption is reasonable in 

the case of modern large 'clarboalternators having a high 
length to diameter ratio (about 5 to 686) for the rotor. 
For the micro-machine, this ratio is very small - 0.543 
for the rotor used - and end effects cannot be neglected. 

Coirectien factors have been suggested87  to account for 

the increase in the length of the eddy current path. In 

the present case, the length of the end path was added to 

the axial length of the rotor using a correction factor 

K1  = 1 	0.312 71-/w 	 • • .(5.26) 

= 1.45 for the rotor used. 

The assumption of an idealised condition leads 

to the effect of space harmonics being neglected. However, 

because of the relatively small air-gap and wide slot open- 
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ing, a considerable amount of space harmonics are present. 

Presence of space harmonics at sub-synchronous speed re-

sults in increased secondary reactance. A similar effect 

was observed by Gibbse°  in small induction motors and 

salient-pole synchronous motors. He suggested that the 

secondary reactance be increased by a factor of between 

1.0 to 1.35. 

Measurements made during operational impedance 

tests48 on the present rotor showed that the phase angle 

of the rotor impedance is 45°  compared to 26.6°  as worked 

out by the theory based on simplifying assumptions. 

According to this, the correction factor for this rotor 

works out to be 2 instead of 1.0 to 1.35 as mentioned 

above. Values of rotor reactance used in the analogue 

computer studies were the corrected values given by 

Xkd(corrected) = G(corrected) = a • Xkd 

— 2 • a • Re [Zkd = F . .(5.27) 

where a = 2 in this case. 

5.4.3 Solution by analoo:.e computer 

Fig. 5.4 shows an outline diagram for the sim-

ultaneous solution of Eons. (4.2), (4.3), (4.20), (5.16), 

(5.17), (5.22), (5.24) and (5.25) on the TR48 analogue 

computer, all factors such as scales, signs etc. having 

been omitted. Mathematical models of the machines described 

in Sections 5.4.1 and 5.4.2 were set up for the various 
studies. 
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Procedure for carrying out the studies in the 

present case is in general the same as for the laminated 

rotor machine described in Section 4.5.3. Asynchronous 

operation with field open is studied by disconnecting the 

section simulating Eqn. (5.25) on the patch panel and 

connecting it only when applying field excitation for 

resynchronisation. A field shorted through a discharge 
resistance is easily simulated by putting of  = 0 and using 

the total value of field resistance plus discharge resistor 

instead of rf in Eqn. (5.25) and by readjusting the setting 

of relevant potentiometers at the instant of the application 

of excitation. 

5.5 Comparison of results 

The validity of the mathematical model for a 

solid rotor machine has been verified by simulating asyn-

chronous running tests conducted on three large turbo-

alternators and a micro-machine with a solid cylindrical 

rotor. The results obtained on the simulator gave a 

reasonable correlation with the actual test results for 

the four machines of widely varying proportions. On this 

basis9  this model is considered a sufficiently reliable 

tool to be employed for the study of asynchronous operation 

and resynchronisation (Chapters 6 and 8) of a solid rotor 

synchronous machine. 

The results obtained in each individual case 

are briefly discussed below. 
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5.5.1 Tests on a 60 MW tarboalternator 

Figs. 5.5 to 5.9 show a comparison of the values 

obtained from the analogue computer with the test results 

for a 60 MW set at Marchwood. Fig. 5.5 shows the corres-

ponding values of the mean asynchronous torque against 

mean slip for four tests with field open and Fig. 5.6 shows 

the corresponding values for asynchronous operation with 
the field shorted through a discharge resistor. The mean 

stator current versus mean slip for the field open circuit 

condition is shown in Fig. 5.7. For the condition of field 

closed through a discharge resistor in Fig. 5.8. Fig. 5.9 - 
shows the pulsations of stator current for one of the four 

tests plotted in Fig. 5.8. 

It should be pointed out that the bus-bar voltage 

varied appreciably from test to test. The test points 

would not, therefore, be expected to be on a smooth curve, 

as would be the case with constant voltage operation. 

In Figs. 5.5 to 5.9, values obtained by Chalmers 20 

have also been plotted for comparison. A study of these 

figures shows that the mathematical model can be used to 

predict within a reasonable margin (±5 O/6) the operating 
characteristics of a` large machine. The results obtained 

by this method are certainly an improvement over those 

predicted by the Chalmers method. 

5.5.2 Tests on a 30 MW set 

As a further check on the efficacy of the method 

suggested, asynchronous tests conducted on a 30 MW turbo- 
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alternator at Goldington power station were also simulated 

on the analogue computer. Results obtained from the sim-

ulation are given in Figs, 5.10 to 5.13. Actual test 

results40 are also plotted in these figures for comparison. 

'It is shown by Figs, 5.10 and 5.11 that the variation 

between the theoretical and actual test results lies 

within +10°A) except in one case. Full information about 
the system conditions at the time of the tests was not 

available for the present studies. In view of this, the 

degree of agreement obtained is considered reasonable to 

justify the adoption of the proposed method in the further 

study of the problem. 

5.5.3  Tests on a 120 EW turbo-alternator 

In 1962, a series of tests was conducted on a 

120 MW set at Staythorpe 'B' power station. Out of this 

series, one out-of-step running test and one test for 

asynchronous operation with attempted resynchronisation 

has been simulated on the analogue computer. Due to the 

lack of full information on the turbine speed-governor and 

the automatic voltage regulator, and non-availability of 

computer elements, these tests could be simulated only 

approximately. The results obtained are tabulated in 

Tables 5.1 and 5,2, and keeping in view the drastic 

simplifications involved, correlation obtained seems 

satisfactory. 

5.5.4 Tests on a micro-machine  

For a fuller study of the problem of asynchronous 

operation and resynchronisation, a large number of tests 
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were conducted on a micro-machine and simultaneously 

simulated on the mathematical model. Figs. 5.14 to 5.16 
show a comparison of the mean torque-slip characteristics 
obtained from the machine and the computer. Fig. 5,17 
shows the mean stator current obtained by the two methods. 
Further details of the studies on the micro-machine and 
their comparison with the analogue computer results are 
given in Chapter 8 on resynchronisation. It will suffice 

to mention here, that a very good agreement has also been 
obtained in this case. 

Table 5.1 

Out-of-step running with approximately 
constant excitation 

Parameter 

1. Mean rotor slip 58 

2. Maximum stator current 
p.u. 

3. Maximum variation of 
MW output p.u. 

4. Maximum variation of 
MVAR p.u. 

5. Maximum variation of 
stator terminal 

voltage p.u. 
6. Maximum rotor current 

during disturbance 
p.u. 

Staythorpe 
Test results 

+0.733 to 
-0.567 

0.45 lead to 
0.27 

0.19 to 0.82 

1.72,  

Analogue 
Computer 
results 

+0.56 to 
-0.27 

0.73 lead to 
0.03 lag 

0.13 to 0.73 

1.642 

	

4.5 	4.08 

	

1.15 	1.255 



Table 5.2  

Asynchronous operation and attempted 
resynchronisation 

Parameter 

1. Mean value of slip 56 
2. Mean value of MVAR p.u. 
3. Mean level of stator 

terminal voltage p.u. 

4. Magnitude of 
fluctuations in MW 

output p.u. 
5. Magnitude of 

fluctuations in stator 
current p.u. 

6. Magnitude of 

	

fluctuations in MVAR 	0.673 to 	0.5 to 

	

p.u. 	0.767 lead 	0.74 lead 
7. Maximum variation of MW 

output during attempted 
re synchronisation at 

	

s =135° p.u. 	+1.12 to -0.5 	+1.32 to -0.3 

8. Maximum variation of 
generator stator 

voltage during 
attempted 

re synchronisation at 

	

= 135° p.u. 	0.35 to 0.75 	0.26 to 0.81 

Note: Analogue computer results in Table 5.2 
relate to steady asynchronous operation 
at 0.52 p.u. (78 MW) output. 

Attempted resynchronisation is fully discussed in 

Section 8.11. 
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Test results 
Analogue 
Computer  re suits 

( see note) 

2.0 1.56 
0.72 0.64 

0.53 0.61 

+0.88 to 
+0.8 to +0.33 +0.27 

1.01 to 1.436 1.03 to 1.52 
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CHAPTER 6 

BEHAVIOUR DURING ASYNCHRONOUS OPERATION 

0.1  General 

During asnchroous oeration, the power and 
electrical torque develo;)ed in a synchronous machine depend 

not only on the load angle, but also on the time rate of 

change of the load-angle. Torque 'T' can then, as an 

approximation, be considered to be made up of a synchronous 

component and an asynchronous component. 

T = T, + Tas 	 . . .(6.1) 

The synchronous component T5  will be present 

only when field excitation is present during asynchronous 

operation. Its magnitude depends on the constants applic-

able to synchronous operation, on the applied voltage, 

excitation and the load angle. The asynchronous component 

Tas  depends on the asynchronous constants, the applied 

voltage, the load angle 6 and its time rate of change 

i.e. the slip s. 

=rked asymmetry exists between the direct and 

czuadrature axes of a machine with salient-pole rotor. In 

comparison, asymmetry is very slight, and in some cases, 

may even be absent in the case of machines with cylindrical 

rotor. Due to asymmetry on the rotor, the watts and VArs 

components of the asynchronous volt amps pulsate about a 

mean value during asynchronous operation. Because of these 

variations in power, there are constant oscillations of 

speed (slip) about a fixed average value. 
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Operating as a generator, the machine will always 

run at super-synchronous speeds as an induction generator. 

As a motor it will run at sub-synchronous speeds as an 

induction motor. The asynchronous power supplied is 

generated by virtue of .the induced rotor currents - which 

depend on the slip. 

Under asynchronous conditions, VArs demand is 

met by the system to which the yachine is connected. These 

VArs consist of two components, namely; 

a) magnetising component, i.e. reactive volt amps 

recuired for magnetisation, 

b) Esynchionous component, i.e. VArs taken by the 

shunt reactance, as the machine under these 

conditions can be represented by an equivalent 

circuit containing series and shunt branches like 

the ecjuivalent circuit of an ordinary induction 

machine. 

Because of the comparatively large air-gaps of 

the normal synchronous machines, magnetising VArs demand 

of these machines is large. This results in the current 

being higher when compared with the values reached during 

normal synchronous operation for the same power output. 
This excessive VAr demand can produce a large voltage re-

duction at the machine terminals as well as in the system, 

which can cause difficulties. In addition, the magnitude 

of the VAr pulsations about the mean value is important, 

since these pulsations can cause fluctuations of the system 

voltage over a wide area. 
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6.2 Studies performed 

To study the effect of various parameters, modes 

of machine operation and the system conditions, extensive 

studies have been performed for a laminated salient-pole 

rotor and a solid cylindrical rotor by setting up appro-

priate mathematical models on an analoLue computer. Results 

from the computer have also been compared with the results 

obtained under appropriate conditions on micro-machines 

using corresponding rotors. The various asynchronous studies 

carried out are enumerated below. 

i) No excitation, field shorted on itself with diff-

erent tine constants. These studies could also 

be interpreted as studies with field closed through 

a discharge resistor having various values. 

ii) Open circuit field. 

iii) Field closed and excited. 

iv) Eachine connected to an infinite bus through 

external reactance of various values. 

v) Infinite bus at various fixed voltages. 

vi) Variation of moment of inertia of the machine. 

vii) Effect of speed-governor and its characteristics. 
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6.3 Pulsations in various quantities 

Eon. (B.21) for torque and 1cn. (I.25) for slip 

can both be split into three parts contributing separately 

to the total instantaneous torque and slip. The parts of 

these two equations which are independent of load—angle 

(o) give the mean torque and mean slip, and do not contri—
bute to the pulsations. The second part, which is propor—

tional to the load—angle is present only when the field 

is excited and generates pulsations at slip frequency. 

The third part of these equations produces twice the slip 

frequency pulsations in all quantities. 

In physical terms, this can be explained easily. 

The damper circuits are generally assumed to be symmetric—

ally distributed about the two axes. The field, shorted 

On. itself or through a discharge resistor, is also 

symmetrically distributed about the two axes. Thus the 

pulsations are caused only by the variation of reluctance 

as each rotor pole slips with respect to the stator mmf 

wave. The field, open or shorted, is symmetrical over 

every 180 electrical degrees and would, therefore, cause 

pulsations at twice the slip frequency. However, in the 

case of the excited field, synchronous torque proportional 

to SinL is produced. This torque pulsates at slip fre—

quency, causing pulsations which dominate the comparatively 

weak double frequency pulsations caused by the variations 

in reluctance. 

. few representative records of asynchronous 

operation obtained on the analogue computer are given in 

Figs. 6.1 to 6.32 and the various quantities shown in 

these figures are tabulated in Table 6.1. Figs. 6.1 to 



Table 6.1  

a) Laminated rotor micro-machine 
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b) Solid rotor micro-machine 

Slip versus load-angle 1 	 Figs. 6.1 to 6.6, 

Watts versus load-angle 1 	6.8 to 6.11 & 6.13 

VLrs versus load-angle 	Figs. 6.4, 6.8 to 

6.11 3  6.13 

Load-angle versus time 	- Figs. 6.10 c 6.11 

Effect of variation of moment 

of inertia - Fig. 6.7 

Loss of synchronism and steady 

asynchronous operation - Fig. 6.12 

Effect of speed-governor 	Fig. 6.13 

Line current versus load- 	Figs. 6.14, 6.18 

angle 	6.19 

Line current versus time 	- Figs. 6.14 to 6.17 

to 6.24 

to 6.24 

to 6.32 

Slip versus load-angle 

Slip versus time 

Load-angle versus time 	- Figs. 6.20 

Watts versus time 

VArs versus time 

Field current versus time 	- Figs. 6.22 

Line current versus time 	- Figs. 6.25 

6.32 clearly show that all Quantities pulsate exactly as 

described in the preceding paragraph. It is also observed 

from these figures that daring operation with the field 

excited all the quantities fluctuate much more violently 

than in either of the other two modes of operation 
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i.e. (i) with field open and (ii) field shorted and unex-

cited. This is brought out even more clearly in Figs. 6.33 

to 6.36 where the maxima and minima are plotted against 

the mean of a number of experimental quantities. 

6.3.1 Slip pulsations 

The magnitude of slip pulsations is inversely 

proportional to the mean slip, as for example, at a mean 

slip of 2.18 go [Fig. 6.6(b)], the slip varies between 1.75 0/6 

and 2.62 58, whereas at a mean slip of 3.23 (3,6 (Fig. 6.9), 

the variation is only between 3.06 % and 3.38 58. This 

fact is more clearly shown in Figs. 6.39 and 6.40 where 

the fluctuation in slip [(Sax Smin)/Smean]  has been 

plotted against mean slip for a large number of cases. 

It will be noticed from these figures, that the amplitude 

of slip fluctuations drops rapidly with increase in speed. 

This is because the rotor, due to its high moment of 

inertia, cannot follow the variations in torque that the 

various factors tend to produce. 

At very low values of slip, i.e. most of the 

studies with slips below 1.0 5/o, fluctuations were found 

to be so large, that in certain cases, the machine even 

went into the motoring region for a brief interval of time 

during each slip cycle. At these intervals, the machine 

tended to lock, but after a brief interval of synchronous 

motion again went into the next slip cycle. Examples of 

this are shown in Figs. 6.5, 6.8 and 6.24. 

From Ecjn. (B.25), variations in slip were expected 

to be sinusoidal, but at low values of slip (the only range 
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1.3.9 

of importance for a practical study of resynchronisation 

as shown in Chapter 8) pulsations are far from sinusoidal. 

Also at these low values, the concept of mean slip on 
which the entire analytical solution of Section 4.3 is 
based, cannot be justified. 

With the field excited, the amplitude of pulsa-

tions depends directly on the value of the synchronous 

component of torque, i.e. the magnitude of excitation 

maintained. Also in this case, the slip has its minimum 

value at an angle E) very near to 180°  in every slip cycle, 

if the asynchronous torque is comparatively small. In 

other cases, the point of minimum slip will depend upon 

the proportional contribution of field winding and damper 

winding towards the total asynchronous torque. 

6.3.2 Pulsations in watts and VArs 

Pulsations in both these quantities in general 

follow the same pattern as that of slip. The magnitude 

of variation depends directly on the output of the machine 

and the slip. Operation with the field open produces the 

lowest magnitude of variations and with the field excited, 

the most violent fluctuations as shown in Figs. 6.36 and 

6.37. 

More external reactance increases the average 

slip for the same power outTut, with corresponding smaller 

magnitude of slip pulsations. This reduction in slip 

pulsations is directly reflected in the fluctuations of 

watts and VArs, and the machine runs comparatively 

smoothly. 
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With small magnitudes of slip, every time the 

slip passes through a minimum value or passes through the 

brief interval of synchronous type of motion mentioned in 

Section 6.3.1, there is a violent fluctuation in the 

active power, followed by a less violent fluctuation in 

the VArs as shown in Figs. 6.5, 6.3 and 6.24. The tendency 
to lock is caused by the reluctance torque set up due to 
the saliency effect of the rotor. It is, therefore, 

particularly marked in Liachines with salient-pole rotors 

and to a much smaller extent in cylindrical rotor machines. 

This phenomena has also been observed in the 

form of damped oscillations during full scale tests conducted 

by the C.E.G.B. on a 120 hW rYenerator at Uskmouth 'B' 

Dower station in August 196308. Then the instantaneous 
slip is moving to its minimum value, the reluctance torque 

tends to pull the machine into synchronism with a high 

acceleration. The rotor releases a large amount of kinetic 

energy in a comparatively short time, thereby causing a 

big jump in the active power output [Eqn. (3.25)). This 

has only an indirect and, therefore, a minor influence on 

the VArs which are primarily affected by the system con-

ditions. Reluctance torque fluctuates at twice the slip 

frequency, and, therefore, a big jump in power will take 

place twice every slip cycle. Also the magnitude of 

reluctance torque being comparatively small will produce 

a significant effect on pulling the machine into synchronism 

only at small values of slip. 

In the case of large machines, this sudden jump 

will be accompanied by rotor oscillations caused by the 

semi-rigid mechanical system comprising the shaft, coupling, 

turbine rotor and the entrapped fluid. The frequency of 



141 

these damped oscillations will depend upon the natural 

period of oscillation of the mechanical system conjointly 

with the entrapped fluid. 

6.3.3 Pulsations in current 

Figs. 6.14 to 6.19 and 6.25 to 6.32 show the 

fluctuations in current under various modes of operation. 

Pulsations are almost sinusoidal at twice the slip frequency 

for the high slip values experimented with during operation 

on open or shorted field, but depart from sinusoidal at 

the low values of slip. During operation with excited 

field, both the fundamental and twice the slip frequency 

components are present in the pulsations, the fundamental 

components being by far the dominant of the two. Also the 

pulsations are far more violent in this mode of operation 

than in either of the other two cases. 

It was observed that with the field open, the 

pulsations in general have the minimum magnitude as shown 

in Fig. 6.38. Also, additional external reactance has a 

slight effect in reducing the magnitude of the fluctuations, 

and this can be attributed directly to the higher slips 

and smaller variations in speed produced thereby, as al-

ready mentioned in Section 6.3.1. 

6.4 Mean torque-slip characteristics  

Figs. 6.41 to 6.44 show curves relating mean 

torque and mean slip during steady asynchronous operation 

for a machine connected to an infinite bus through various 
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values of external reactance. Curves I and II in Fig. 6.43 

also show the effect of bus-bar voltage on the asynchronous 

characteristics. A perusal of these curves shows that, 

particularly for small power outputs, operation with the 

field shorted on itself or through a discharge resistor 

is advantageous, in that slips are in general low compared 

to the olpen-circuit field condition. This is because the 

field winding, being generally of lower resistance than 

the damper circuits, is more effective at low slips when 

the damper' circuit torque is low. At higher slips, the 

damper circuits become more important and the contribution 

from the field winding is of less significance. The 

advantage of the field shorted condition is almost com-

pletely lost at higher outputs or with high external 

reactance, even for low power outputs. These results are 

also corroborated by the investigations of Mehta and 

AdkinS44. 

6.5 Reactive voltamjs 

6.5.1 General  

Reactive voltamps demand of the machine during 

as-,ynchronous operation under certain conditions, can be 

as high as 2 to 2.5 p.u. Figs. 6.45 to 6.47 show the 

effect of 

i) watts output, 

ii) external reactance 

and iii) mode of field connection 

on the VArs demand of solid rotor machines. The effect 
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of these factors is, in general, similar for solid and 

laminated rotors as discussed below. 

6.5.2 Power output 

Active power supplied by the machine has only 

a small effect on VArs demand, which tends to reduce with 

fall of watts output as shown by Figs. 6.37 and 6.45. 

6.5.3 External reactance  

The external reactance has a profound effect on 

the VArs demand, because of the reduction in the machine 

terminal voltage caused by high reactive current. Bus-bar 

voltage level has a similar effect. The higher the external 

reactance or lower the bus-bar voltage, the smaller will 

be the VArs intake as shown by Figs. 6.45 to 6.47. 

6.5.4 Mode of operation with respect to field 

A machine operating with excitation or with the 

field unexcited and shorted without a discharge resistor 

takes approximately the same VArs. The effect of introduc-

ing a discharge resistor in the field is to improve the 

power factor of the rotor currents with a corresponding 

reduction in VArs demand. 
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6.6 Current 

6.6.1 General 

Because of the large VArs demand of the machine 

as mentioned in Section 6.1, the armature current during 
asynchronous operation is also high. Figs 4.9 and 5.17 
show the variation of current with mean torque for a few 

cases. As can be seen, armature current during asynchronous 

operation can rise to as much as 2.5 p.u. depending upon 

a number of factors such as watts output, field connections, 

external reactance, bus voltage etc. Keeping in view the 

remarks made in Section 6.5.4, currents are a minimum in 

the case of operation with field open. Particularly at 

high values of power output, the external reactance has 

a marked effect in increasing the armature current. 

A general conclusion that can be drawn from 

Figs. 4.9 and 5.17 is that if a machine can be allowed to 

run at upto 1.5 p.u. current for a short period of time, 

it is possible to obtain a power output of about 50 5O 

of its rated capacity. This estimate of 50 7o can be 

considered as a safe figure from the results of tests on 

various large machines as reported in the literature16. 

For smaller values of overload or longer duration of 

asynchronous operation, the output obtainable will be 

proportionately less. The value of current at which the 

machine can be allowed to operate under asynchronous con-

ditions, however, depends upon a number of considerations, 

the effect of each of which has to be taken into account 

for each individual machine. Some of the points requiring 

consideration are mentioned hereunder. 
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6.6.2 Temperature rise 

The temperature rise in different parts of the 

machine will depend upon the length of time for which 

machine will have to operate asynchronously before success—

ful resynchronisation can be effected, the average load 

at which machine has been operating before the onset of 

the disturbance, the cooling system etc. It has generally 

been observed12' 17, 21 that output during asynchronous 

operation is limited more by the heating of the stator 

than by that of the rotor. 

It has been suggested that modern synchronous 

machines can be allowed to operate under asynchronous 

conditions for as long as 30 minutes if the stator current 

does not exceed 110 56 of rated value46'86. With the 
stator currents as high as 130 °A of normal, machines can 

86 80  be operated for about 2 minutes ' ' without excessive 

temperature rise in either the stator or the rotor. 

Thus, although the temperature rise is the major limiting 

factor in allowing a machine to operate asynchronously, 

it is still feasible to operate modern machines in this 

regime with a view to recynchronisation by the scheme 
proposed in Chapters 7 to 9. 

6.6.3 Terminal volta, 

Depending upon the reactance between the machine 

terminals and the point of effectively constant voltage in 

the system, the voltage drop at the machine terminals will 

be directly proportional to the line current. Figs. 6.48 

to 6.52 show the variation of terminal voltage for various 



1.5 

APPLICATION 
OF FIELD 

a: 

1.0 
O 
1-- 
0 

Z Q5 

Lx 

153 

1.0 

                   

                   

                   

                   

                    

D 

w 
ID 

al 0.5 

                   

                   

  

APP• LI- CATION 
OF FIELD 

                

TE
R

M
IN

A
L 

                  

    

TIME 	SECS. 
	 7 

Fig. 6.48 	Variation 	of 	terminal 	voltage 	with 	time 
Solid 	rotor , 	Field open , 	Tm  :0.47 p.u. 	xe.0.142 pu. 

    

1.0 	 
6 

ID 

0 

0.5 

cc 

APPLICATION 
OF FIELD 

0 
	

05 	 1.0 	 1.5 	TIME 	SECS. 	2 0 
(a) Field applied 	at 6=28° 	resynchranisation 	successful 

3 	TIME 	SECS. 	4 
(b) Field 	applied 	at 6 =34° 	, 	resynchronisation 	unsuccessful 

5 	 6 	 7 

Fig• 6.49 Variation of terminal voltage with time 
	 Figure—shows effect of—delay 	in—applying 	field 	,excitation 	  

Solid 	rotor , 	Field shorted through discharge resistor , Tm  :0.509 p.u., 	=0142 p.u. 

25 3.0 3.5 

1 



TIME 	SECS. 	2.0  1.5 

Variation • of terminal voltage 	with 	time 
Solid rotor , 	Field 	shorted • through discha.rge resistor , Tm  =0.442 p.a., 	xe ,.0.2134 

5 6 3 	TIME 	SECS. 
Variation of terminal voltage 

1 4 

with time 
0 . 2 

Fig. 6.51 

0 4 2 	 3 TIME 	SECS. 
Fig. 6.52 	Variation 	of 	terminal 	voltage 	with 	time 

Field excited , 	Solid rotor , 	Tm  20.471 p.u.. 	xe-0.284 p.u. 

154 

APPLICATION 
OF  FIELD  

1.0 

w 
cD 

n-J 5 0.5 
T
E

R
M

IN
A L

 

0 05 to 

Fig. 6.50 
2.5 3.0 3.5 

. .._ 

t 

e-- 

D BOOST 

I 

Solid rotor , 	Field 	excited , 	Tm  :0.496 p.u. 	xer0.142 p.u. 

. 

YI 

FIELD 	13::::r 

• 

, - 

L 

10 

>05 

-J • 

1.5 

1.0 

•:( 
-1 
0 



155 

loads and values of external reactance. As can be seen, in 

certain cases, the terminal voltage can drop considerably, 

thereby affecting the operation of various machine auxil-

iaries if connected as a unit system. Continuous operation 

of the machine auxiliaries under depressed conditions is 

vital for the operation of the machine, particularly in the 

present case where it is proposed that the machine be auto-

matically brought back to synchronism and normal load in 

the minimum possible time. 

The maximum load that can be supplied during asyn-

chronous operation is, therefore, limited by the minimum 

terminal voltage required for the normal functioning of the 

auxiliaries. Figs. 6.48 to 6.52 show that the limit set 

by this requirement is less critical than that of temper-

ature rise as discussed in Section 6.6.2 above. 

6.6.4 Reactive voltamps 

The system capability to supply the VAr demand 

of the machine and its effect on system stability in other 

branches also requires careful consideration. By incorpor-

ating automatic regulation and means to raise the excitation 

in the system66 under fault conditions, it is possible to 

overcome this difficulty. 

6.7 Effect of various factors on asynchronous operation 

6.7.1 External reactance  

Figs. 6.44, 6.53 and 6.54 show the effect of 

interposing external reactance between the infinite bus 
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and the machine terminals, on the torclue-slip character-

istics of a synchronous machine under different condit-

ions of operation. Even a small value of external react-

ance reduces the asynchronous torque considerably, 

although its effect is comparatively more pronounced in 

the case of operation with field shorted than in the case 

of field open. 

6.7.2 Bus-bar voltage 

Fig. 6.55 shows the variation of slip with bus-

bar voltage for a fixed power output. Higher bus voltage 

is very helpful in keeping the magnitude of slip within 

reasonable values. It will be shown in Chapter 09  that 

to be able to restore synchronism easily and successfully, 

it is essential that the slip be within certain limits. 

By the use of automatic voltage regulators and boosting 

the excitation on the rest of the system, it is possible 

to raise the bus voltage to the highest values allowed 

within proper safety limits and thus keep the slips reason-

ably low. Raising the excitation on the machines located 

nearest to the machine running asynchronously will help 

to a very large extent in reducing the disturbance to the 

rest of the system. 

6.7.3 Eoment of  inertia 

The moment of inertia of the rotating parts has 

no influence on the mean torque-slip characteristics as 

is shown by Fig. 6.7. It does, however, affect the 

magnitude of the slip pulsations, a higher value tending 
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to smooth out the fluctuations and a lower moment of inertia 

increasing them. Although the effect of moment of inertia 

is small within the limits for which its value can be 

altered in a practical machine, nevertheless it does have 

some influence on the process of resynchronisation as is 

discussed later. 

6.7.4  Turbine weed-governor 

When a generator loses synchronism, its speed 

rises and the speed-governor comes into action to limit 

the speed increase by closing the inlet valve of the turbine. 

The machine ultimately settles down to steady asynchronous 

operation about the point of intersection of the generator 

torque-slip characteristics and the turbine governor 

characteristics as shown in Fig. 3.3. Because of the droop-

ing nature of the Turbine-governor characteristics, an 
alternator will, therefore, in practice, always generate 

less than its rated power output while operating asynchron-

ously. 

The behaviour of a simple speed governor and its 

effect on the ultimate slip and power output is shown in 

Fig. 6.13 for different governor characteristics. 

Although it is not easy to alter the droop of the governor 

characteristics curing abnormal conditions which may 

occur suddenly in the system, the characteristics can 

easily be displaced (as shown by dotted lines in Fig. 3.3(a)) 
by sending an electrical signal to the speeder gear. 

Power output and machine slip can thus be controlled as 

desired. This control operation to bring the machine slip 
within the required limits may take between 5 and 10 

seconds. 
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6.7.5 Automatic voltage regulator  (AVR) 

The voltage regulator is only effective when 

the field is closed and excited during asynchronous 

operation. In the literature, this mode of operation is 

sometimes also referred as 'out-of-step' operation. In 

the other two modes of operation i.e. field open and 

field shorted, the voltage regulator will be out of action 

and will come into play only when the excitation is 

reapplied for resynchronisation, 

The AVR merely increases the magnitude of both 

the transient generating and motoring torques which occur 

alternately every half slip cycle during out-of-step 

operation, without materially contributing to the positive 

damping of the system. Because of the drop in machine 

terminal voltage, the AVR tries to boost the field 

excitation. Although this may tend to reduce the slip and 

increase the power output of the machine slightly, it 
will .1C•41.1.1.:4.4446 f2f1C.,.12Per.QQ:n44 the VAr demand. Also the 

fluctuations of various quantities will become very 

violent, thereby affecting the entire system. Furthermore, 

the voltage regulator will try to follow the slip frequency 

pulsations in the terminal voltage and should be stable 

in operation at all the reasonable slip frequencies likely 
to be encountered in practice. 

Due to the non-availability of sufficient units 

on the TR48 computer, it was not possible to simulate and 

study the effect of the AVR. Also, because of the violent 

fluctuations set up in the system during out-of-step 

operation, operation with excited field is not very de-

sirable and was, therefore, not studied in greater detail. 
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6.8 Comparison of operation with different field 

connections  

In the present work, only the following three 

modes of field connection have been studied: 

i) field excited, 

ii) field unexcited and shorted, 

iii) field open. 

6.8.1 Field excited 

a) Without materially affecting the mean power 

output, the pulsations in various quantities are 

at slip frec,uency and are very violent as shown 

in Figs. 6.8, 6.109  6.11, 6.18, 6.19(b), 6.24, 
and 6.30 to 6.32. Thus there is much greater 

likelihood of the entire system getting disturbed 

and various auxiliary equipment such as speed-

governor, voltage regulator, etc. becoming 

unstable. 

b) Because of the lower effective field resistance 

compared to the case of the field shorted through 

a discharge resistor, the per-unit slip for the 

same p.u. power output could be higher in this 

case. (Fig. 6.41 shows the effect of various 

values of field resistance.) 

Current and VAr demand are also, comparatively 

greater than in the other modes of operation. 
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All the undesirable effects associated with 

asynchronous operation are thus exaggerated in the case 

of out—of—step operation without gaining any advantage 

over other modes of operation. 

6.6.2 Field unexcited and  shorted 

If the machine is operated asynchronously with 

the field unexcited and shorted either directly on itself 

or through a discharge resistor, then: 

a) pulsations are at twice the slip frequency and 

less violent in magnitude than in the case of 

excited field. 

b) without external reactance or at very low values 

of external reactance, output is generally higher 

than with field open, but the presence of external 

reactance has a comparatively greater effect. 

At the values of reactance likely to be met in 

practical systems, this advantage is only marginal. 

a ) 
 

current and VAr demand though smaller than in the 

case of out—of—step operation, are comparatively 

higher than the field open mode of operation. 

There are two factors which govern the size of 

the discharge resistor in this mode of operation: 

i) magnitude of current circulating in the field 

winding when supplying various outputs. The 

discharge resistor should have a suitable value 
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to hold the current within safe limits under 

all conditions. 

ii) as an ordinary induction machine, there is a 

critical value of effective field resistance 

(total resistance of field winding and discharge 

resistor) beyond which the torque-slip character-. 

istic starts to drpp. The discharge resistor 

should be of a value such as to keep the effect-

ive field resistance below this critical value 

for the particular machine under study. 

6.8.3 Field open 

Asynchronous operation with the field open tends 

to produce more favourable conditions of operation from 

almost every aspect. The magnitude of pulsations of 

practically all quantities is generally smaller than in 

all other modes of operation, thus giving much smoother 

operation. Although under certain conditions of operation, 

the power output has to be sacrificed by a few percent, 

the advantages gained under most conditions far outer  

this. In most conditions and particularly with external 

reactance in the circuit, VAr demand, current and slip are 

all smaller than in the corresponding other cases. 

With the field open, a voltage proportional to 

slip is induced in the field winding. This voltage cannot 

be allowed to exceed the insulation level of the field 

winding and thus sets a limit to the maximum slip at 

which the machine may be allowed to operate asynchronously. 
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CHAPTER 7  

RESYNCHRONISATION - THEORETICAL ANALYSIS  

7.1 General 

One of the taboos still lurking in the minds of 

most of the modern power system planners and operators is 

to stick to the outdated definition of system stability 

as that limit which keeps the synchronous machine in step 

with the system to which it is connected. Even though 

the possibility of restoring synchronism without taking 

a machine off the bus-bars, after it has lost synchronism 

following system disturbances, was considered as far back 

as 193190   193190, it is only recently that this problem has 

started to attract more serious consideration. 

Most of the investigators have studied resyn-

chronisation on the basis of the instantaneous speed, 

during a slip cycle, touching or going below synchronous 

speed by virtue of pulsations in speed. In the present 

studies carried out on an analogue computer, it has been 

demonstrated decisively that for successful resynchronisation 

to be established, it is not at all essential that the 

machine speed should reach synchronous speed even moment-

arily during a slip cycle. In fact, by applying sufficient 

excitation at the proper instant, it is possible to pull 

a synchronous machine into synchronism from fairly large 

values of slip. 
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7.2 Theoretical explanation of resynchronisation process  

7.2.1 Physical description of the criterion for 
resynchronisation 

Both steady state and transient stability of 
synchronous machines are generally explained in physical 

terms on the basis of the equal area criterion33'91. By 
extending this idea sufficiently further, the phenomena 
of falling out of synchronism and stable asynchronous 
operation can be explained quite simply. The mean point 

of steady asynchronous operation is determined by the trend 
of the mean torque-slip characteristics and the combined 
turbine speed-governor torque-speed characteristics as 
shown in. Fig. 3.3 for the case of a generator, or the load 
torque-speed characteristics in the case of a motor. The 
point of intersection A [Fig. 3.3(a)J represents only the 
mean point of operation, as in practice both the speed 
and torque are pulsating about this point at the mean 
slip frequency. 

By virtue of the increse in speed, a certain 
amount of kinetic energy/NA =f6Pdt is stored by the rotor. 
This stored energy varies with the variation of speed 

over a slip cycle and will at any instant 't' be given by 

the sum of the energies contributed between the interval 
'to - the initial condition - and 't' by the following 
individual components: 

i) net accelerating torqueAT (Fig. 3.3(a)) produced 
due to the pulsations in slip (curve I, Fig. 7.1) 

ii) synchronous torque present only with field ex-

citation (curve II, Fig. 7.1) 
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Fig• 71 Torque and Energy characteristics during asynchronous 
operation with field open or shorted 

Machine will resynchronise any instant that 

Ordinate of curve 3 becomes equal to the sum 
'1 	 of ordinates of curves I & 

(Figure not to scale) 
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iii) the quantity 'M' Eqn. (7.11)1 dependent on the 

initial and the instantaneous values of slip 

(curve III, Fig. 7.1). 

If at any instant, the increase in kinetic energy 

(AA) becomes equal to zero, the rotor speed becomes equal 

to the synchronous speed and the machine attains a condi-

tion such that it may pull into synchronism. Most of the 

previous investigators5'14,15,44'66 have studied the 
problem of resynchronisation on the basis of the instant-

aneous speed touching synchronous speed as a necessary 

condition and leaving it to resynchronise more by chance 
than by design. 

A study of the components contributing to the 

stored kinetic energy of the rotor reveals that components 

(i) and (iii) depend on the design parameters of the 

machine, and thus cannot be controlled during the process 

Of resynchronisation. Component (ii) is, however, very 

much under control and within the limits of the exciter 

and voltage regulator can be fully manipulated to influence 

resynchronisation. By applying sufficiently large excit-

ation at a suitable instant in a slip cycle, it is possible 

to make the energy contributed by component (ii) equal and 

opposite to the combined energy contributed by components 

(i) and (iii) and thus resynchronise the machine before 

the load-angle 6 reaches 180°. 

In the case of a synchronous motor, the rotor 

speed is less than synchronous speed. Thus kinetic energy 

(AA) will be of opposite sign to that in the case of a 

generator. Otherwise the process of resynchronisation 

will be exactly the same. 
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7.2.2 Mathematical formulation of the criterion for 

re synchronisation 

The relative motion of the synchronous machine 

is described by Eqn. (3.25) as 

T = Lccelerating torque = In-.,Jut torque - output torque 

where, from Eqn. (3.26) 

Accelerating torque = J-d2b/dt2  

Putting s = d6/dt, 

ds accelerating torque =J• al- • s . . .(7.1) 

According to the definition of per-unit quant-

ities adopted earlier45  , the excess power Pt of the 
turbine is given by 

Pt = Tt(1 	s) 	 .(7.2) 

where, the in;ut torque Tt  is a complex function of 

time and speed, after allowing for the action of the 

speed-governor, 

Output torque is the total „sum of synchronous 

torque Ts  and asyhchyonous torque Tns. The synchronous 

torque Ts  and the synchronous power Ps  are functions of 

the load-angle 6, while the asynchronous power Pas is a  
complex function of time, slip and the load-angle. In 

the per-unit system, power and torque are related by 

Ps = Ts (1 	s) 	 . .(7.3) 
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and Pas = Tas 	 . . .(7.4) 

Using per-unit quantities and substituting 
Eqns. (7.1) to (7.4) into Ec;n. (3.25) gives 

ds Pt 	-Ps J • s • 	- 	Pas db 	(1- s) 

Rewriting the above eouation, 

. . .(7.5) 

J(1- s) • s • ds = [ Pt  -Ps  -Pas(1- s)] db . . .(7.6) 

and integrating, gives 

2 s3 

= 	Es db +fb iPt-Pas(1-0J db .(7.7) 

where C, additional stored kinetic energy of the 
rotor at b = bo' 

	

2 	3 s 	s 
= 	j(2 	 . . .(7.8) 

assuming the initial value of slip to be so at b= bo 

The actual change of kinetic energy4 A of the 
rotor from the state of synchronous operation to steady 
asynchronous operation can be written as 

1 	r 	2 	.c2.  2 

	

A = 	J0L-0- 

s2 

	

= 	- s) 

1= 
2 

4 CO J( 	+a w) 

. . .(7.9) 
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for the particular case of a generator, where the 
slip s is negative according to the sign convention 
adopted45.  

Substituting the value of C from Eqn. (7.8) in 
Eqn. (7.7) and rearranging, 

	

6 	b 
s) = - f P . db 4

b 
 ( Pt -Pas(1  - s)) do +142 

	

b o 	o 
s2  s3  

where Tai 	/ o = -- o s3 + 	- s) • J 2 	3 	3 

Putting [Pt  - Pas  ( 1 - s) J  =A Pas/ Eqn. (7.10) can 
be expressed in the form 

=f Q pas • db -f Ps.db + M bo 	 o 
. . .(7.12) 

The three right-hand components of Eqn. (7.12) 
represent in mathematical terms the three components 
mentioned in Section 7.2.1. Daring steady asynchronous 

operation with or without the field, over one slip cycle 
i.e. b = (6o + 27), the three right-hand components of 
Eqn. (7.12) would be 

(a) 6 Pas  • a = 0 
b o 

(b) P9 •db = 0 
0 

s2 
J(2  .(7.10) 

. . .(7.11) 
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r s
2 

s s3  
" 	(-7  ° - 3 

▪ 3 
(0) Jb  • db - s ) • J 

0 

s2 

J(7F 

where sm is the mean slip. 

For synchronous operation, the additional 

kinetic energy of the rotor would be eclial to zero. 

Therefore, from EgLn. (7.12), 

S 

A. =I Pas • a f Ps • db + = 0 

o 	So 

b 
or f Ps • db =J  pPas •dS  + M 	 . . .(7.13) 
oo 

The mathematical formulation of the criterion 

of resynchronisation as presented above, is, in general, 

very similar to the treatment of Venikov66, but the 

philosophy of approach to the whole problem as adopted 

in these studies is entirely different. 

The synchronous power Ps  is a function of the 

load-angle and the magnitude of field excitation E0, and 
for a salient-pole machine is given by the well-known 

e gust i on4-5  

E• 	E2 1 - 1,  Sin 2S • Sinb + Ps = 	2 "E

o 

d 	q a 
. . .(7,14) 



173 

In the case of the cylindrical rotor machinel the 
second term, proportional to Sin2b in Eqn. (7.14), is 

generally neglected, even though it is present in most cases. 

The variation of Fs (Eqn. (7.14)] and that of 
the expression 

Ps • db 
o 

with b as derived from Ecn. (7.14) is shown by the curves 

IV and II respectively in Fig. 7.1 and that of the two 
right-hand expressions of Eqn. (7.13) by curves I and III 
in the same figure. A study of Eqn. (7.13) in association 
with Eqn. (7.14) shows that by applying a sufficiently 
large magnitude of field excitation, it is possible to 
satisfy Eqn. (7.13), and when satisfied, the machine will 
synchronise. Fig. 7.1 is drawn with the initial condition 
for the start of the process of resynchronisation being 
taken as b = 0°. Although, the process of resynchronisa-

tion can be started at any point in a slip cycle, values 

of o of any practical importance will be in the neighbour-

hood of 0°  i.e. the start of a new slip cycle. 

At a first glance, Eqn. (7.13) shows in a very 

simple mathematical form the condition for resynchronisat-
ion. It points to an easy straight,,forward method of 

studying the required magnitude and the most appropriate 

instant of application or boosting the field excitation. 

However, it soon proves to be illusory because of the 
following non-linear factors involved in practice. 
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i) Eqn. (7.14) as well as curves, II and IV in 

Fig. 7.1 are all based on the assumption that the 

field is applied as a step function with zero 

time-constant, whereas the field has a finite 

time-constant and will take some time to build 

up to its full value. Curves II and IV (Fig. 7.1) 

will thus both be considerably modified and will 

be very difficult to calculate in a simple manner 

from Eon. (7.14). 

ii) During the process of resynchronisation, the 

speed is changing very fast and thus the two 

right-hand components of Ecin. (7.13), which vary 

with speed in a complex manner, will be extremely 

difficult to calculate unless some drastic 

simplifying assumptions are made. 

The mathematical analysis given above is useful 

in the sense that the process of resynchronisation is 

made clearer in physical terms, but the solutions obtained 

by this method are of a doubtful value if applied to a 

practical problem because of the various 'non-linear factors 

involved. However, solution of these equations on an 

analogue computer as described in section 7.3 is very 

simple. By this method, the effect of each factor is very 

easily taken into account without any simplifying assump-
tions. 
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7.3 - Study of resynchronisation on an analogue computer 

7.3.1 Nature of the problem 

Resynchronisation can be studied by solving 
Eqn. (4.20) describing the motion of a synchronous machine. 
This equation is a non-linear differential eo,lation of the 
second order for which no straightforward analytical 
solution exists. To investigate the conditions for 
resynchronisation, it is necessary to obtain a range of 
solutions for this equation with different system condit-
ions. It has already been pointed out earlier that 
because of the highly complex and non-linear nature of the 
problem, step-by-step or numerical methods are not very 
suitable for its solution. Efforts to solve this equation 
by the methods of Non-Linear Mechanics92'93  have been 
made by a few investigators8'14'. These solutions 
relate the slip (which is the first derivative of the 
angle) with the angle and are called solutions in the 

phase plane. Solutions thus obtained are called trajectories 
of motion. 

A realistic solution of Eqn. (4.20) in the 
present problem can only be obtained by a simultaneous 
solution of the set of Eqns. (4.2), (4.3). (4.7), (4.8), 
(4.15), (4.19) and (4.20) or Eqns. (4.2), (4.3), (4.20), 
(5.16), (5.17), (5.22), (5.24) and (5.25) for the two 
types of rotor and obtaining the solution in the form of 

phase-plane trajectories relating the slip (136) with the 
load-angle (6). To obtain a range of solutions with 
different system conditions and minimum simplifying 
assumptions, it was found convenient to use an analogue 
computer. 
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7.3.2 Mechanisation and procedure for the solution of 

the problem 

Mechanisation of the equations for the study of 

resynchronisation is exactly as described in Sections 4.5.3 

and 5.4.3. The main advantage of this method is that the 

study of asynchronous operation and resynchronisation 

under any condition of operation can be made with a single 
setting for both. 

after taking the necessary records for the asyn-

chronous operation under a certain condition, the required 

magnitude of excitation voltage given by the step functions 

Ld .Bdl.ef-1 and Ld.Bd2•efel (laminated rotor) or 

• ,,f  • 1 (solid rotor) 

was introduced into the solution at the required point in 

the Slip cycle and the subsequent resynchronisation process 

studied. In the case of asynchronous operation with 

different field connections, computation was stopped at 

the desired point in the slip cycle by making use of the 

'hold' facility available in the computer. Changes, if 

any, required to be made in 

i) the patch panel in respect of different field 

connections as mentioned in Section 4.5.3, or 

ii) attenuator settings necessitated by the removal 

of the discharge resistor 

were made manually and excitation voltage introduced 

simultaneously. Computation was then allowed to proceed 

and the subsequent pulling into step studied and recorded. 
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7.3.3 Assumptions involved in the _present studies 

The above procedure for resynchronisation studies 

assumes that the machine is permitted to attain steady 

asynchronous operation before resynchronisation is attempted. 

To study how far this assumption is valid, a few runs were 

made by pulling the machine out of synchronism either by 

removing the excitation or by suddenly increasing the load 

under weak field conditions and noting the subsequent 

variation in slip. The results of these studies, shown 

in Figs. 6.12, 7.2 and 7.3, suggest quite conclusively 

that the machine can be said to have reached steady asyn-

chronous operation after only one complete slip cycle 

from the time of loosing synchronism and hence the above 

assumption is quite justified. This is also confirmed by 

the records obtained from the asynchronous operation tests 

conducted on large machines. From this it can also be 

concluded that, provided certain other conditions mentioned 

subsequently are satisfied, it is possible to force the 

machine back into step in two slip cycles instead of 

requiring it to run asynchronously for a prolonged period 
of time. 

One basic condition that is implicit in the 

entire study of resynchronisation is that the fault which 

initiated the system disturbance in the first instance has 

been cleared by the time resynchronisation is attempted 

and that the system will be capable of normal operation 
under the new conditions. 



Lamina tad rotor 

Field 	Tm  =0.471 p.a., 	Xef0.284 p.a., 	Solid 	rotor 
establishrnant of steady asynchronous (Paper speed _25 m .m./scc.) 
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CHAPTER 8  

RESYNCHRONISATION - PRACTICAL INVESTIGATIONS  

8.1 Criterion for resynchronisation 

To study the effect of different factors, such as; 

i) machine parameters, 

ii) modes of operation with respect to field connect-

ions 

iii) load on the machine, 

iv) auxiliary equipment characteristics, e.g. speed 

governor, 

v) system conditions, e.g. external reactance, bus-

bar voltage, etc., 

a range of solutions for resynchronisation was obtained 

in the form of phase-plane trajectories. It is not 

possible to include in this thesis all the solutions 

obtained on the analogue computer. A representative 

selection of the more important solutions is given in 

Figs. 6.1 to 6.11, 6.13 and 6.20 to 6.24 and the effect 

of various factors are discussed below. 

With the computer operating in a steady asyn-

chronous state as described in Section 4.9.3, different 

values of excitation voltage were applied to find the 

minimum excitation required for resynchronisation for a 

certain run. The criterion for minimum excitation was 

fixed as that value which pulls the machine into synchron-

ism within one slip cycle of application. After obtaining 
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the minimum magnitude of field required, the instant of 

field application was delayed so as to obtain the optimum 

value of the load-angle at which the field must be applied 

or boosted to achieve synchronism under the above criterion, 

The figures mentioned above show the solutions 

of phase plane trajectories for resynchronisation obtained 

on the analogue computer under the conditions described. 

For any higher excitation or any load-angle smaller than 

that shown in these figures, the machine will definitely 

resynchronise within one slip cycle of field application 

under the conditions of operation mentioned. 

The reason for fixing the criterion for resyn-

chronisation within one slip cycle is that with the dis-

charge resistor removed from the field circuit after the 

application of excitation, the machine will, in most cases, 

develop less asynchronous torque. This will result in an 

increase in average slip. Therefore, if resynchronisation 

is not achieved within one slip cycle, there is a great 

likelihood of the machine passing through several slip 

cycles. As will be shown subsequently, this is very 

undesirable for the system. 

8.2 Slip magnitude  

A study of Eqn. (7.13) shows that the most 

important single quantity influencing resynchronisation 

from steady asynchronous operating state is the quantity 

1M' 
	

This quantity as given by Eqn. (7.11) is a function 

of slip, and thus slip would play the most significant 

part in resynchronisation. 
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Assuming a fixed mechanical input i.e. neglecting 

the effect of turbine torc,ue-speed and governor character-

istics, the electrical output must be increased to supply 

to the system some additional energy equal to the addition-

al stored kinetic energy of the rotor. This transfer of 

rotor energy must take place in the time between the 

instant of application or boosting of the field and the 

instant the machine attains synchronous speed. Also, for 

the machine to remain in step, synchronous speed rust be 

achieved before the load-angle reaches 160°. At low slips, 
the additional stored energy is comparatively small and 

the time available for resynchronisation (i.e. time for 

half slip cycle) is comparatively large. Thus at small 

values of slip, it would be quite easy to resynchronise 

the machine with the application of a small excitation 

with a small swing of power output. 

However, at high values of slips a large amount 

of energy has to be pumped out of the machine electrically 

in a much shorter time. Thus it needs a proportionally 

much larger excitation and the swing in power while pull-

ing into step will be large. The relation between the 

mean slip and the magnitude of field excitation required 

is not linear but parabolic as would be evident from the 
expression for 	[Eon. (7.11)]. Figs. 8.1 and 8.2 show 

this effect by an average plot of a large number of studies 

made on both the analogue computer and the micro-machines. 

Because of the parabolic nature of the curves, Figs. 	 'a 1 
S'•‘2- and -7.-r4--point to a critical value of slip beyond which it 

would be im:ossible'to resynchronise. This was also 

shown by studies on both the computer and the micro-machines 

and has also been suggested by Hano et. al.29 A few cases 

where the slip was higher than the optimum and the machine 
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failed to synchronise even for very high magnitudes of 

excitation are shown in Figs. 7.4 and 7.5. ' 

Average curves for a particular group of studies 
have been drawn in Figs. 8.1 and 8.2, the scatter of the 

points showing chiefly the effect of the magnitude of 
slip pulsations. From this it can be safely concluded 

that the mean slip magnitude plays the major part in 

resynchronisation, other factors producing only marginal 
effects. 

8.3 Magnitude of slip pulsations  

Fig. 8.3 shows the effect which the magnitude 

of slip pulsations has over the value of excitation 

required to pull a machine into step. Large pulsations 

help towards resynchronisation and their effect is even 

more pronounced at higher slips than at lower slips. 

Thus all factors or modes of operation which in any way 

influence the magnitude of slip pulsations, as discussed 

in Chapter 6, would in a like manner also affect resyn-

chronisation of the machine. 

8.4 Angle of field application 

After slip magnitude, the second most important 

factor influencing resynchronisation is the angle in the 

slip cycle at which the field is reapplied or boosted. 

According to the theory for resynchronisation as postulated 

above, the field should be switched in at the instant the 

load-angle passes through zero degrees or at any time after. 
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The amount of delay in switching is, however, subject to 

the condition that the equal area criterion described by 

Eqn. (7.13) and Fig. 7.1 is satisfied before the load-angle 

reaches 180°. Thus there is a limiting value of load-

angle before which the excitation must be applied. This 

is clearly shown in Figs. 6.1 to 6.6, 6.8 to 6.11, 6.13, 

and 6.20 to 6.24 relating to the studies on the analogue 

computer and Figs. 8.4 to 8.13 relating to tests on the 

micro-machines. That this is so, is also shown by the 

studies carried out on a tidal power station in France94. 

Because of the non-linear nature of the whole 

problem as formulated by Eqn. (7.13), it is not possible 

to calculate the limiting value of the angle in a straight 

forward manner. The exact value would depend upon the 

system conditions at the time of resynchronisation and a 

number of other factors. The effect of the two most 

important factors is briefly discussed below. 

i) Time-constant of the field circuit. Because the 

field circuit has a finite time-constant, the 

field current cannot reach its full magnitude 

immediately at the instant of switching. Thus 

the synchronous torQue component as given by 

Eqn. (7.14) would be modified. For a machine with 

a large time-constant, it takes a long time for 

the excitation to build up and though the machine 

starts to slow down almost immediately, the 

synchronous power supplied is not sufficient to 

bring it to synchronous speed by the time load-

angle reaches 180°. After that the machine again 

starts to accelerate under the negative synchronous 
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torque, until the slip cycle is completed and the 

machine can resynchronise in the first half of 

the ensuing slip cycle [Figs. 6.1, 6.2, 6.10, 

6.20 and 6.21]. 

A larger time-constant field would thus 

require the excitation to be switched-in much 

earlier than the field with a smaller time-constant, 

as is shown by a comparison of points marked 

1, 12g, 13 (unity Tm) or of points 7, 12(a)$(  

16 (0.75 Tm) in Fig. 8.14 for different values 
of time-constants. 

This can also be put in an alternative form, 

that for the same magnitude of field excitation, 

the machine with a small field time-constant can 

be resynchronised from a larger slip than the 

machine with a field circuit having a large 

time-constant. 

ii) Field circuit connection during asynchronous 

operation. The effect of this factor is shown 

in Figs. 8.1, 8.2, 8.14 and 8.15, and is discussed 
in greater detail in Section 8.7 below. 

If the field is switched-in just before the 

limiting value of load-angle, the machine will pull into 

step with a minimum swing in current, power and VArs. The 

swing will be bigger if the field is switched-in earlier, 

although there is a fairly wide range over which the swing 

will increase only slightly as shown in Figs. 6.10 and 

6.11. 



Field 
Field 
Field 

shorted 
excited 
open 

COMPUTER 
12M2:=21 
IMEEM 

MICRO-MACHINE 
0 
A 

    

      

AIM.40/./AAA//, 07/./iV.6.7.1/././7A17.07//////7././././.6. 

r//////////////7// Tdn = 4.425 sees.//////./. 7 

(0 	  

12 secs. ///7/7/77/ 

eA  =1.0p•tik 	 

V//././////// Tdo 21Z5 

VI/ 	// 	////////////.. T - 4.425 secs. //////////7/////////////./. .////./.// 

192 

ZONE OF SYNCHRONISATION 

xe 0.1 2 p.0 

xe  .0.2 p.u. 

x =0 

m=0.50. 

 

174/4///////7/,////7,/,/,./,/ 

a 0.9 P•14 /V./WM/M/7/ ///./fg; 

ti/i4o:4/I 	  M 	
• 

UV \ \\ ex  
es=i•op.u\\\  

4.113-u• \\ 

P5' Z̀
U. 
 

e
•o • • / 

IM/ 	fliffgifif 	 iffiffil iffti 	  
V//////////////////////// //////////////////l////////1// e& 1.o Is.u.-  

ee=up•u. / fiffill/151'  

xe 

xe&O.12 p.u. 

xe  = 0.2 p.u. 

/ 	  
/ 	NZ...NV& eq. rj U. ZW4,.\\\\\:\ \\N 

r..&' Tea, =1.77 secs./// 7/16 

8 

//// Tdo 2 2125secs. /./////1/ 12a xe= 0 

V/ CD •/////////l///7/////7///  

T m  =075• 

xe =0.3 p.u. 

TreLOpu 

// 
V// 

///////L
0  Telis.19•13135

ow
secs,Nornv9W 	13 

I. J/  

V.r./7%."#4"//1"ASVI//M,/.7,/////7./7.W.V. /.,//ife.e.W1/71/4r.,.  
/ 

lc 	 211 	 21C 
LOAD-ANGLE (RADIANS) 

Fig.8.14 Limiting 	angle of field application for resynchronisation 
	 Start—of—the—shaded—area corresponds—to—the—limiting—angle—before—which 	field_must 	  

be 	applied for the machine to resynchroni se in the zone indicated (Laminated rotor) 



27% 7 27C 

COMPUTER 	MICRO MACHINE 	, 
I'm  (0.2 pi.- Field 	shorted 	V 	A! e 

a 
a 

ZONE. OF SYNcHHONISA1 	ION 

1 
J 

_ 

e  =0.14 

xe =0.2E 

. _ . _ 

xe  =0 

xe  =014 

xe=.0.2E 

xe °̀  

xe=0.14 

- -(12i 

Field 	excited 	70' 	'," 
Vv//////////I/ x Field 	open 	& 	„ 

' 0 k\N\N\X\\\\\\\\NN'N.' \`, 
10///////////, 

_ . 

. 

, 

al 

s 

— - — • 

. 	- 

• 
• 

 

— • 

• 

r-  

. 	 . I:4=1 \\\\N\\\\ \\\' \ 
1///0/./././///// 
17/07///11///, 
P7117/77777-721  

INt=k‘V\‘'\‘‘‘''•‘\.\\ 
\‘‘`Al \\\\.\\\.\\NNl\\ 

ku///////////li 

A f\X\.\\••.\\‘\\VNN.W,NNss.'• 
rW///)///.1/.//, . 

r/L:1;v4, 	/11%.0 

-- — 

D 

• 

VP/717/////7/ 
",..:7../ Ar7 /41P7API 

1 s'\‘•,\N \ \'' • ..\\\.s• \\\N ..\\N 

14A7// //11//// / /V" 

!.7 	1 	/fir 

is\  \ N\ .\‘‘N  \\-\\‘\-\\N\  \ ‘N\s\  \\•-•.\- \:\NW\.\\ N\' \N'\‘\j\"\\\\\N\:\\\N.\\X\‘'\\\\NN:\-\  

- 
...\‘\\•\‘\\\\' '\N-\\:\N‘ W xe  

EZZEEZZ2M 

—• . 
0.5arn(0.6p.0 

.___. 

k  Xe SO 

x..0.14! 

xer.02E 

___ 

a INVA,N,... \ , \ ..N.,:\.,  \ \ ,,,, .\..N.,N,,VN  

IN  \ N‘ \ \‘ \'‘..\ 	.‘ N.  
NV7/./////////1 

V449.7/,/.7/./Ar.77 

l`\‘ \‘‘‘‘.\\\‘\‘-\\N%-\\\1:1"\w`NN:\\.\\\NNN\ǸNN  ‘.\\‘‘\‘‘‘‘'\‘\‘`'`.\\ 
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Figs. 6.1, 6.3, 6.5 and 6.14 also show the effect 

of applying the field excitation beyond the limiting angle. 

In these cases, the machine does not synchronise within 

the required period but goes through another slip cycle 

before pulling into step. Thus there will be one more 

system fluctuation. In some cases it may even be of 

bigger amplitude. To avoid this, it is desirable that the 

field be switched-in before the limiting angle so as to 

ensure resynchronisation in the shortest possible time. 

8.5 Magnitude of excitation 

Theoretically, the minimum excitation required 

to achieve resynchronisation may be very small if the slip 

is small. However, the excitation applied must be more 

than the minimum required to keep the machine in synchron-

ism subsequently. In most cases this minimum value is 

large enough to effect resynchronisation if applied at 

the correct instant. 

It has been previously mentioned that it is 

possible to pull the machine into synchronism from any 

slip likely to be encountered in practice, provided that 

a sufficiently large magnitude of excitation is applied. 

However, there is a maximum value of.the excitation that 

can be obtained from any excitation system. The maximum 

value of slip admissible will, therefore, be limited by 

the maximum excitation available from the excitation system. 

8.6 Swing in output 

During the time the resynchronisation process 
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lasts, in addition to its normal output (equal to the 

mechanical input minus losses) the machine must also 

discharge, in the form of electrical output to the system, 

the additional stored kinetic energy of its rotor. In 

general, therefore, the output of the machine would be 

expected to rise momentarily before settling down to 

synchronous running. In the case of a motor, a similar 

swing will be caused by the power required by the machine 

to meet the increase in kinetic energy of the rotor when 

it attains synchronous speed. The swing in power and VArs 

is shown in Figs. 6.1 to 6.6, 6.8 to 6.11, 6.13 and 6.20 

to 6.24, and in current in Figs. 6.14 to 6.19 and 6.25 to 

6.32. The magnitude of swing in the various quantities 

is dependent upon a number of factors and their mutual 

interaction, as briefly discussed below. 

8.6.1 Magnitude of slip 

The energy to be dissipated depends directly on 

the magnitude of slip [Eqn. (7.9)], and thus, the smaller 

the slip, the smaller the swing in power and current. 

8.6.2 Nature of asynchronous torque-slip characteristics 

As the machine approaches synchronous speed, the 

asynchronous torque decreases. Depending upon the gradient 

of the torque-slip characteristics, some of the excess 

energy would be absorbed by this reduction in the generated 

electrical power, thereby limiting the jump in output. 
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8.6.3 Angle of application of excitation 

The angle at which the field is applied has a 

profound effect on the swing in various quantities. After 

the application of the field, if the machine pulls into 

step without passing through another slip cycle, there 

will be a single jump, generally of a comparatively small 

magnitude, in the power output. If, however, the machine 

passes through another slip cycle, there is a violent 

fluctuation in all the quantities because the synchronous 

torque component becomes negative in the second half of 

the slip cycle. These two conditions are clearly marked 

out by a random plot made in Fig. 8.16 for a large number 

of studies with successful resynchronisation. 

8.6.4 External reactance  

The value of the external reactance has a 

relatively small effect on the swing in power, but it 

significantly reduces the jump in VArs. Even with 

reasonably small values of external reactance (of the 

order of 0.15 p.u.), the swing in VArs is practically 

eliminated. 

8.6.5 Magnitude of field excitation 

In general, higher the value of field excitation 

required to pull the machine into step, larger the swing 

in watts and VArs. 
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8.7 Mode of field connection 

The effect on asynchronous operation if the 

field is connected in one of the three states (i) shorted, 

(ii) excited or (iii) open, has been discussed in Section 

6.8. Effect of these modes of operation on resynchron-

isation is shown in Figs. 8.1, 8.2, 8.14 and 8.15, and is 

discussed below. 

8.7.1 Field shorted 

Asynchronous operation with a shorted field 

would generally be obtained in practice with the field 

shorted through a discharge resistor. While applying 

excitation to resynchronise the machine, the discharge 

resistor is switched out, thereby increasing the effect-

ive field time-constant considerably and simultaneously 

trapping the flux linking the field circuit at that instant. 

By virtue of the property of 'constant flux linkages' in 

a closed circuit, the applied excitation does not become 

fully effective in producing sufficient synchronous torque 

until the trapped negative linkages have decayed and 

finally reversed by the joint action of armature reaction 

and applied excitation. It therefore requires a compar-

atively large excitation and long time to resynchronise 

the machine in this mode. 

Also, because of the longer time required for 

the decay of trapped flux linkages in a machine with a 

large field time-constant, the magnitude of excitation 

required to resynchronise will be larger than for a machine 

with a field circuit of smaller time-constant. This was 
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clearly proved to be so by the various studies performed 

on the analogue computer and is shown in Fig. 8.14. 

8.7.2 Field excited 

As in the previous case, the flux linkages in 

the field circuit at the instant of boosting the excitation 

have a considerable influence on the magnitude of field 

recuired to resynchronise the machine. Because the field 

excitation is already present, the time required for the 

field to be fully effective is shorter than in the previous 

case, but the total magnitude of excitation, i.e. the 

initial excitation present plus the boost required, is no 

less than in the case of field shorted through a discharge 

resistor. This is shown by Figs. 8.19  8.2, 8.14 and 8.15. 

8.7.3 Field open 

On exciting the field from the field open 

condition, the flux starts building up immediately. 

Because of the absence of any trapped linkages in the 

field circuit, the rise in the synchronous torque is 

controlled by the field time-constant only. The applied 

excitation is thus cliore effective in this mode of operation 

than either of the other two cases discussed above. It 

reouires the least time and the minimum magnitude of 

excitation to resynchronise a machine operating asynchron-

ously with the field open as shown clearly in Figs. 8.1 

to 8.3, 8.14 and 8.15. Because of this, it would also 

entail disturbance to the system for the shortest time. 
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8.8 Moment of inertia 

The total moment of inertia of the machine 

affects the magnitude of the slip pulsations. A small 

value increases the pulsations about the mean value, while 

a large amount of inertia has the opposite effect. As 

discussed in Section 8.3 and shown in Figs. 6.7 and 8.3, 
the larger pulsations need smaller field excitation. Thus 

a lower moment of inertia generally helps in resynchronis-

ation. 

8.9 Turbine speed-governor 

The turbine speed-governor affects the mean slip 

and power output of the machine by controlling the input 

to the turbine. As it has no direct effect on the elect-

rical side of the system, it can simply be used as a 

useful tool to control the speed of the machine during 

asynchronous running and to keep it below the optimum 

slip value so as to render resynchronisation possible. 

The governor can thus play an important part in the 

ultimate scheme for automatic resynchronisation. For this 

purpose, some device will need to be incorporated in the 

turbine control system to initiate a change in the govern-

ing set point during operation in the asynchronous regime. 

8.10 Voltage regulator 

Automatic voltage regulators affect resynchron-

isation in two ways; firstly, by the direct effect of the 

regulator on the machine which has fallen out-of-step, 
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and secondly, by the effect of regulators on other machines 

in the system. 

8.10.1 Effect of the regulator on the out-of-step machine  

It has been shown in Section 8.2 that for a 

particular mean slip value, a minimum value of excitation 

is required to successfully pull the machine into step. 

Conversely, for a given per-unit ceiling voltage of a 

particular voltage regulator, there is a maximum value 

of mean slip beyond which it would not be possible to 

resynchronise the machine. The ceiling voltage of modern 

automatic voltage regulators is generally between 5 and 
05 

7 times' the value recuired for no-load excitation to 

produce rated voltage. Keeping in view the limitations 

on output daring asynchronous operation as discussed in 

Section 6.6, Figs. 8.1and 8.2 show that this ceiling is 

sufficiently high and does not impose any unreasonable 

limitations. 

8.10.2 Effect of regulators on the system 

During asynchronous operation, a machine demands 

heavy lagging reactive voltamps from the system. Under 

these conditions, if the excitation on the rest of the 

machines on the system is boosted, it will raise the 

voltage on the system, which is analogous to the studies 

made on the computer with high bus-bar voltages. Higher 

voltage keeps the slip of the out-of-step machine low and 

thus helps in resynchronisation as shown by a few cases 

in Fig. 8.14. 



202 

8.11 Simulation of full-scale  tests 

Rarely has a series of tests been conducted with the 
primary object of studying resynchronisation of synchronous 

machines under controlled conditions. The literature id, 

therefore, devoid of any information on this topic. In 

one test in the Staythoripe series (mentioned in Section 

5.5.3) resynchronisation was attempted by applying the field 
at a random angle, At the instant of switching-in the field, 
the load-angle was 135°  and the machine did not pull-into-

step immediately. Instead it started to operate out-of-

step at a higher mean slip. It passed through several slip 

cycles and synchronism was restored by reducing the load 

setting with the help of the turbine speeder gear mechanism, 

This test has been simulated on the analogue 

computer for further study and the results obtained are 

given in Fig. 8.17c In Fig, 8.17(a) is shown the attempted 

resynchronisation as in the test and, as expected, the 

machine did not synchronise immediately. Fig. 8.17(b) 

shows the optimum result of a resynchronisation study. 

Vdth field excitation of 1,0 p.u. [same value as for the 

case of Fig. 8.17(a)] applied at an angle of 68°  instead 
of 135°, the machine pulled in very smoothly. 

Resynchronisation studies have also been per-

formed in a few of the asynchronous operation tests 

mentioned in Sections 5.5.1 and 5.5.2. The results obtain-

ed are summarised in Table 8.1 below, All these studies 

show that it is possible to resynchronise the machine by 

applying a reasonable magnitude of field excitation at 

the correct instant in the slip cycle. 
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Table 8.1 

Angle of 
field 

application, 
degrees 

Out7Jut 
during 

asynchronous 
operation, 

p.u. 

Magnitude 
of 

excitation 
applied, 

p.u. 

Marchwood Open 1.036 1.190 82.0 
60 MW Open 0.790 0.923 87.0 
machine Shorted 0.953 1.117 85.0 

Goldington 

30 MW Open 0.560 0.884 85.5 

machine Shorted 0.560 1.000 85.5 
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CHAPTER 9 

AUTOMATIC RESYNOHRONISING RELAY 

9.1 General 

Although the sued  stion for providing a relay 

to detect out of synchronism conditions was mooted as 

far back as 193096, no attention has been devoted to its 

development, except in the USSR where the only known 

scheme for automatically resynchronising generators has 

been developed97'. In this scheme, electromagnetic relays 

have been used to monitor various conditions and to initiate 

necessary corrective action. The USSR relay is designed 

to apply excitation after the slip has been reduced to a 

predetermined magnitude, but has very little control on 

the angle at which field is actually switched—in. 

It has been shown, by the studies described in 

the previous chapter, that the angle of field application 

plays a very important part in achieving successful resyn—

chronisation, Based on the results of these studies, an 

entirely new scheme has been proposed to bring the machine 

automatically back into synchronism, and an electronic 

relay employinng static relaying principles developed. 

This relay uses transistors as individual switches and 

component parts of trigger circuits to monitor various 

variables, so that the necessary signals to resynchronise 

the machine can be provided after the required criteria 

have been satisfied, The relay described is capable of 

adjustments within wide limits to suit the requirements 

of individual machines with respect to their location in 

the system. 
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9.2  Criteria for resynchronisation 

Chapter 8 shows that for a particular machine 

in operation, there are three factors which have to be 

controlled to establish resynchronisation. The reuuire-

ments in respect of these three factors are specified 

below. 

9.2.1 Magnitude of mean slip 

There is a maximum value of mean slip beyond 

which it is -cractically impossible to resynchronise a 

machine. In practice, this maximum value is deterfflined 

by the ceiling voltage of the excitation system. It is 

desirable that at the instant of initiating necessary 

action to resynchronise, the mean slip should be within 

prescribed limits. A check is, therefore, required on 

the slip magnitude. 

9.2.2 Angle of field application 

The second most important requirement is that 

the excitation should be a-Dplied at a definite instant 

in the slip cycle. The exact angle depends upon the system 

conditions at the instant of the disturbance, but the zone 

in which the field can be applied is usually fairly wide. 

So long as the field is switched in before the limiting 

angle is reached, the machine will pull in smoothly. 

Without the aid of some 'on line' computing 

equipment, a simple resynchronising scheme will need to 
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be pre-adjusted for a definite angle. Based on the limit-

ing slip specified above, it is possible to fix an average 

value of the angle b at which the field must be applied 

or boosted. The actual Engle at which action must be 

initiated will be advanced depending on the time-constant 

of the field circuit and the operating time of the field 

circuit-breaker. 

9.2.3 Magnitude of excitation 

Depending upon the system conditions and the 

slip, there is a certain minimum magnitude of field 

excitation which must be applied to pull the machine into 

step. Depending upon the maximum slip mentioned in 

Section 9.2.1, the maximum value of excitation that will 

be required for positive resynchronisation can be deter-

mined. By a comparatively simple control loop it is 

possible to arrange that in the event of a machine losing 

synchronism, the output of the excitation system would be 

raised to the predetermined level, thus ensuring that the 

required value of excitation is switched in at the proper 

instant. 

9.2.4 'accomplishment of the criteria 

Depending upon the system conditions, every 

individual case of resynchronisation will require a 

different excitation magnitude and angle of application. 

Any practical scheme using a relay composed of preadjusted 

single valued components would perforce be a compromise.. 

However, with schemes of automatic control of power stations 
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using 'on-line' digital computers98'99'100 now being 

envisaged, it would be very easy to realise the optimum 

values of all variables as recuired by the above criteria. 

By storing a mathematical model of the machine in the 

computer, it would be oossible to recall it in the event 

of loss of synchronism. By comuting the optimum require-

ments depending upon the actual system conditions, success-

ful resynchronisation can be effected with minimum dis-

turbance. This scheme could be integrated into any scheme 

for power station control. 

9.3 Resynchronisation scheme 

9.3.1 General functional arrangement 

Any scheme for automatic resynchronisation must 

perform the following functions in their respective order: 

a) detect loss of synchronism, 

b) switch the field connection to the desired mode 

of operation during the disturbance, 

c) monitor various quantities to initiate resyn-

chronisation under proper conditions, 

d) control the speed-governor, if demanded by (c) 

above, 

e) switch the field circuit back to normal operation. 

Fig. 9.1 shows a block schematic representing 

the performance of the above functions. Functions (a) to 

(e) and the criteria outlined in Section 9.2 can all be 

fulfilled quite easily by the use of static relaying 

techniques. The necessary equipment consists essentially 
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of four parts - all transistorised - each with a distinct 

function, as follows: 

i) angle measurement, 

ii) maximum slip magnitude control, 

iii) phase indicators, 

iv) sequential control circuits. 

The sequential arrangement of individual 

transistor circuits for the fulfilment of the required 

functions is shown in block schematic form by Fig. 9.2. 

9.3.2 Loss of synchronism 

Loss of synchronism can be detected by contin-

uously monitoring the load-angle of the machine. As soon 

as the load-angle goes beyond a certain value (b5), it 

can be considered as an indication that the machine has 

lost synchronism. In the present case two voltage 

signals - one from the machine stator terminals and the 

other derived from a tachogenerator on the rotor - are 

compared in a phase comparator (V). The Cacho is initially 

aligned such that the phase difference between the two 

voltages is always equal to the instantaneous load-angle. 

The phase comparator V has been arranged to 

generate an output pulse each time the phase difference 

between the two signals is 180°. This output is fed to 

the field control circuit and a time delay circuit as 

shown in the figure. 
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9.3.3  Field control 

During out—of—step operation, the field can be 

in one of three different modes as described in Chapter 6. 

Of these, the field excited condition is considered to be 

the least desirable from an operational point of view. 

Therefore, provision is required to be made to operate the 

field circuit—breaker and simultaneously to open the field 

or short it through a discharge resistor. This has been 

arranged by means of a simple bistable circuit and a power 

transistor used as a switch. The signal from the outA o04- f 

synchronism detector opens the switch and shorts the field 

through a discharge resistor. It can also be arranged to 

leave the field open. A further signal from the resyn—

chronising circuit will switch in the field at the desired 

moment. 

The micro—machine on which the relay was tested 

has no voltage regulator. Therefore, no provision was 

made in the relay,as built,to control the excitation as 

recuired in Section 9.2.3. However, in a practical scheme, 

a signal to the field control circuit, in addition to 

operating the field switches in the desired manner, can 

also be made to adjust the excitation to a predetermined 

level. 

9.3.4 Time delay circuit 

After losing synchronism, it takes a short time 

for the machine to settle down to steady asynchronous 

operation. The resynchronising circuit is, -therefore, 

arranged to come into operation only after this time delay. 
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In absolute terms, the required time delay would depend 

upon the Dean slip and would thus vary in each case. 
Some arrangement that would provide a variable time delay 

proportional to the slip, is therefore, required. 

It has been shown in Section 7.3.3 that the 
machine attains the state of steady asynchronous operation 

in about two slip cycles. In the present case, a counting 

circuit has been used to count the number of slip cycles 

and to provide an output to the resynchronising circuit 

after the machine has passed the required number. An out-

of-synchronism circuit provides an output pulse once 

every slip cycle. The counting circuit gives an output 

after the pre-arranged number of slip cycles, thereby 

providing a variable time delay proportional to the mean 

slip. 

To safeguard against any spurious operation of 

the counting element, a monostable delay timer has been 

introduced between the inputs of the bistable VI and the 

'And' gate II as shown in Fig. 9.2. This was essential 

in case the output pulse from the phase comparator V was 

of sufficient length so that the output pulse from the 

counting circuit would be given in one slip cycle instead 

of after the desired number of cycles. 

In practice, the counting circuit could be 

arranged to give a count of two or three. The circuit 

shown in Fig. 9.2 is designed to provide an output after 
two slip cycles. 



215 

9.3.5  Resynchronising  circuit 

The resynchronising circuit is the heart of the 

relay. Its function is to check that all the conditions 

for successful resynchronisation outlined in Section 9.2 

are fulfilled and to give an output signal to apply the 

excitation at the desired instant. This circuit will be 

described in detail in Section 9.4. 

9.3.6 Speed-governor control circuit 

A signal to resynchronise will be given only if 
the slip is within a certain range. Slip measurement 

in the resynchronising circuit is achieved by measurement 

of the angle advanced by the rotor relative to the stator 

mmf in a fixed time. If the slip is less than the pre-

determined value, bistables II and III (Fig. 9.2) can 

operate and send a signal to operate the field circuit, 

simultaneously blocking the operation of the speed control 

circuit. 

In the case of the slip being high, the phase 

comparator VI (Fig. 9.2) will produce an output pulse. 

This -oulse will set bistable V which controls the turbine 

speeder gear mechanism, and reduce the speed. As soon as 

the speed comes within the required range, the output 

from the resynchronising circuit will block the operation 

of phase comparator VI and reset bistable V, thereby 

returning the governor to normal operation. 
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9.4 Resynchronising circuit 

Operation of the ecuipment is essentially based 
on measuring the phase angle between two voltage signals, 

as already mentioned above. Fig. 9.3 shows the sequential 
operation of the entire circuit. 

9.4.1  Initiation of operation 

After receiving an " operate" signal from the 

time-delay circuit (Section 9.3.4), the actual sequence 
of operations starts when the load-angle reaches bi. 
Phase comparator I is arranged to produce an output 

signal [Fig. 9.3(a) only when both the signals have a 
phase difference of b1. Thus this circuit acts as the 
operation initiation circuit and also as a reference for 

the time and phase measurements. 

Initial setting of the bistable circuit I is 

such that it blocks the operation of phase comparators II 

and III so as to guard against their operation before the 

desired time. A pulse from phase comparator I sets the 

bistable circuit I [Fig. 9,3(b), so that the phase compar-

ators II and III are ready to operate. 

9.4.2 Slip measurement 

The signal from the phase comparator I is fed 

to_a monostable timing circuit. This is designed to 

give a negative going square-wave output [Fig. 9.3(b) J

of duration T0 proportional to the setting of ma:;:imum 
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slip below which the relay is required to operate. The 

pulse duration is FA.A.e.a.,re  to suit the required maximum 

values of slip. 

A load angle of 360°  is traversed in one slip 

cycle, and this gives the load angle-time relationship. 

By suitable co-ordination of the delay time of the monostable 

circuit and the angle of operation fixed for phase compar-

ator II, it can be ensured that the ecuipment will not 

operate at a slip higher than a predetermined value. 

Phase comparator II is so arranged that it will operate 

only upto a certain load-angle b2  (Fig. 9.3(c)]. This 

is to ensure that the output signal is generated at the 
correct instant in the slip cycle taking into account the 

field time-constant and the field circuit-breaker operat-
ing time. 

At the end of the predetermined delay, fixed 

by the monostable timing circuit, phase comparator II 

will measure the load-angle. If the load-angle is more 

than the preset value (62), the slip is more than the 

prescribed value and bistable II will not give an output. 

The operation of the relay will thus be blocked for the 

rest of the slip cycle and instead the governor control 

circuit will operate. On the other hand, if the slip is 

less than the prescribed value, bistable II will give a 

negative-going output [Fig. 9.3(d)]. 

9.4.3 Ensuring proper relay operation at low slip values  

In case the slip is very small, it is the function 

of phase comparator III to ensure that the output signal is 
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sent only after the load-angle has reached an appropriate 

value and not before. It is so arranged that phase com-

parator III does not produce an output signal till the 

angle has reached 6
3  [

- Fig. 9.3(e)j. This ensures that 

in the case of slips lower than the prescribed maximum 

value, the relay still operates such that full field 

excitation is established at the desired angle. 

As shown in Fig. 9.3, which depicts the sequential 

operation of the various elements, it is evident that no 

output signal can be produced until the slip is below a 

certain maximum and the load-angle has reached a predeter-

mined value. 

9.4.4 General 

Phase comparator IV will ensure that the equip-

ment is reset to start its operation again after the load-

angle passes through 6, and that a faulty secuence of 

operations does not take place at 360°  minus the preset 

values of angles obtained from the phase comparators II 

and III. Like phase comparator III, phase comparator IV 

has also been arranged to operate for load-angles greater 

than a certain value and not below (Fig. 9.3(g)j. 

The phase difference for the operation of various 

phase comparators and the delay time of the monostable 

timing circuit can be adjusted to any desired value using 

suitable components. This ensures that the equipment can 

be calibrated to suit machines with different field time-

constants and field circuit-breaker operating times. 
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9.5 Transistor circuits  

9.5.1 Squaring circuit 

To obtain a better consistency in the operation 

of the relay, it is imperative that undesirable effects 
due to variations in stator terminal voltage and Cacho 

generated voltage during asynchronous operating conditions 

be eliminated. This can easil:y be achieved by converting 

the two sinusoidally varying a.c. signals into square 

waves in two independent squaring circuits. 

The squaring circuit used (Fig. 9.4) is a simple 
comraon-emitter circuit, consisting of one transistor to 

convert the a.c. sine wave signal into a square wave and 

the second transistor as a phase invertor, so that two 

negative-going constant magnitude square-waves of equal 

mark-space ratio but exactly opposite in phase are obtained 
at the collectors of the two transistors. 

During the positive half of the input signal, 

the first transistor is cut-off and the second transistor 

is so biased as to be in the fully conducting state. 

During the negative half of the wave, the first transistor 

will be fully conducting. Thus the voltage at its collector 

will be very nearly equal to zero and the second transistor 

is biased to cut-off, thereby giving an output of -Vcc  volts. 

To restrict the maximum voltage at the base of 

the first transistor and also to minimise the effects of 

voltage variation, two diodes have been connected in its 

base circuit. These diodes restrict the maximum voltage at 

the base to the voltage drop accross the diodes, both during 

the positive ha'T and negative half of the a.c. input waves. 
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9.5.2 Phase comparator 

The phase comparator (Fig. 9.5)101 used in this 

equipment has been described in detail in references 101 

and 102. It consists of a coincidence stage controlled 

by the two voltage signals which are compared in phase and 

the starting input (eg.,.from the time-delay circuit in the 

case of phase comparator I or from bistable circuit I in 

the case of phase comparators II and III (Fig. 9.2)). It 

is followed by an integrating circuit and a level detector 

output stage as shown in Fig. 9.5(a). 

The coincidence circuit will allow operation 

only if all its input signals are zero or positive at the 

same time. Should any of the input signals be negative, 

no operation takes place, since the collector voltage 

of the circuit will be zero, i.e. the transistor will be 

conducting. 

Phase comparators IV and V are similar with the 

only difference that they have been set to produce output 

signals at different angles. Phase comparators I, II and 

III are normally blocked, as input 1 from the preceding 

bistable circuits is normally negative, thus maintaining 

the transistors 'on' irrespective of inputs 2 and 3. When 

the bistables are set by a pulse from their corresponding 

circuits, input 1 assumes zero potential, thereby allowing 

operation of the phase comparators at the appropriate 

angles. To safeguard against mal-operation, phase com-

parator IV resets bistE,ble circuit I thereby blocking 

operation of the relay for the rest of the slip cycle. 
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In addition to the normal blocking input 1 from 

the bista'ole circuit I, phase comparator VI has an add-

itional input 4 from the 'And' gate I. When the resyn-

chronisation signal is given, phase comparator VI is 

blocked, thereby preventing any further unloading of the 

machine. 

The integrating circuit is a straightforward 

series R-C arrangement which operates during intervals 

when the transistor is not conducting. 

The level detector, Fig. 9.6, is an emitter 

coupled trigger circuit103. It remains in one stable 

state i.e. T1  cut-off and T2  fully conducting, so long as 

its input voltage is lower than the 'pick up' voltage Vp. 
If the base potential of T/  is gradually lowered, the 

collector current of T, remains constant until Vin  

reaches the pick up value, when T1 starts to conduct and 

its collector voltage starts to rise. This increase in 

the collector potential is applied to the base of T2  by 

the potential divider. The collector current of T2  thus 

begins to decrease as the base potential of Tl  continues 

to fall. When the current of T1  has become large enough 

to provide sufficient gain for this action to be cumulative, 

the circuit snaps over into the state in which T1 is 'on' 

and T2 is 'off'. Transistor T1 is now fully bottomed and 

the potential divider biases T2  beyond cut off. 

If the base potential of Tl  is now brought back 

towards earth potential, T2  will remain cut-off for as long 

as the base of T1 is sufficiently negative to keep its 

collector bottomed. However, the circuit does not return 

to its initial state at the same voltage Vp,  but will do 
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so at a lower drop out voltage Vd, as it is necessary not 

only to reduce the current passing through Tl  but also 
for T, to start conducting. 

9.5.3 Lionostable timing circuit 

• The monostable timing circuit101  used in the 
equipment is a common emitter configuration as shown in 

Fig. 9.7. In the stable state, transistor T2  is conduct-
ing, transistor Tl  being biased to cut off. 'Alen the 

trigger signal at the base of Tl  causes transition from 
the stable to the quasi-stable state, T2  cuts off and TI  
starts conducting. After the initial abrupt transition, 
the base voltage of T

2 starts to fall exponentially towards 
Vcc , all other voltages remaining constant, until the 
base voltage of T

2 reaches the pick up voltage. At this 

point the cuasi-stable state is terminated, and the 

voltage finally stabilises to its czniescent level given 
by I2Re. 

The circuit thus produces a negative pulse at 
the collector of T2 with a duration determined by the 

time-constant of the EC coupling and the voltage V
s. 

9.5.4 Distable trigger circuit  

This circuit has two stable states, in either 

of which one transistor is fully conducting and the other 

is cut off. It can remain in one of these states inde-

finitely unless it is forced to the other state by some 

means. The circuit can be triggered by a negative pulse 
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applied to the base of either of the transistors through 
a diode depending upon the state to which it is required 
to be driven. 

The bistable trigger circuits101,104 are all 
similar consisting of two transistors T1  and T2  (Fig. 9.8) 
with their emitters connected to the zero voltage line 
through a common emitter resistance Re shunted by a 
capacitance O. The signal at the collector of each 
transistor is fed to the base of the other transistor 

throlle'llcouplingattelluatc)rs1111,1121 811c1R"'" R22.  
Resistors R11  and R12 are shunted by small capacitors -  
to speed up the triggering. Listables I, IV and V have, 
however, been provided with an additional stage, so as 
to provide an output varying between zero and -Vcc* 

9.5.5 Output signal from resynchronising circuit 

The output signal from the resynchronising 
circuit is provided through an 'And' gate followed by a 
single output stage. signals from the bistable circuits 
II and III are fed into a simple 'And' gate consisting of 
diodes and resistors. 'Aien both the bistable circuits have 
been operated by the phase comparators II and III, it will 
produce a negative—going output signal (Pig. 9.3(j)). In 
the event of neither or only one of the two bistable cir— 

_ 	cuits having operated, no output signal will be produced. 

9.6 Power supplies 

The power supply requirements for the relay built 
in the laboratory are a negative direct voltage of 9 Volts, 
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capable of delivering upto 100 m.a.9  and a 4 volts positive 
bias of 250 µA current drain. 

In the laboratory a twin transistor power unit 

Was used. For this unit, the change in output voltage 

caused by a change in supply of ± 7 % is always less than 
5 DV. 

9.7  Operation and performance of the automatic  
resynchronising relay 

9.7.1 Complete circuit and construction 

The complete circuit arrangement is shown in 

Fig. 9.9, which also shows the coupling connections between 
the various individual component circuits and the provision 

of an initial setting pulse for the bistable circuits. 

Arrangements made in the relay for field control and 

governor control for testing on the micro-machine are also 

shown in this figure. For the field control, a power 

transistor controlled by bistable IV is used as shown in 

Fig. 9.9. 	no governor was available at the time of 

conducting the tests, indication of the operation of that 

circuit was obtained by the illumination of a small 4 

volt bulb. 

To simplify the r:iring of the electronic circuits, 

various circuits have been constructed on veroboard sheets 

made as plug-in units to suit standard plugs. The complete 

relay has been built into one unit of size 17 in. x 10 in. 

x 5 in. 
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9.7.2 Slip limitations 

The combination of monostable I and phase com—

parator II circuits ensures that the relay does not operate 

until the slip magnitude has been reduced below a prescribed 

value. The relay as constructed has been calibrated to 

start operation for a slip frequency less than one cycle 

per second i.e. 2 56 of the normal supply frequency of 

50 c/s, although it can be adjusted to any value above 

or below 2 56 as desired. The relay, as calibrated, will 
operate for any slip between ± 1 c/s. 

9.7.3 Advance time setting 

The relay can be adjusted such that for a range 

of mean slip values, full field excitation is established 

within a desired range of load—angle. However, if at the 

instant that the relay comes into operation, the magnitude 

of slip is very low, excitation is likely to be established 

fully at an angle somewhat less than the desired range. 

Although the machine will still synchronise, this operation 

will be accompanied by a comparatively large jump of power 

and VArs. 

This difficulty can be overcome by carrying out 

a few studies on a mathematical model of the machine on 

which the relay is to be fitted and determining the values 

for the setting of the various phase comparators and the 

monostable timer I which are best suited to the actual 

conditions. 
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9.7.4 General test arrangements  

In the initial stages of construction and 

calibration, the two voltage signals were obtained from 

the laboratory main supply - one direct and one through 

a phase shifter. Xfter the relay had been fully assembled, 

it was initially tested by these two signals. Finally the 

relay was teted under actual working conditions on a 

micro-machine. 

A two phase a.c. tacho is available on the 

micro-machine. The voltage wave form of one of these two 

phases was compared with the wave form of one phase of the 

machine stator at no load. The tacho was adjusted so 

that the two wave forms were aligned. These two signals 

the phase difference between which would always be ecual 

to the load-angle - were applied to the relay for all 

studies. 

The two input signals were stepped down to 6.3 
volts r.m.s. before being applied to the squaring circuits. 

9.7.5 Records of operation 

A few resynchronisation studies with the help 

of the relay described were made on a micro-machine using 

a salient-pole laminated rotor. _Based on the studies of 

the mathematical model of this machine, phase comparators 

I, II, III and IV were calibrated to operate for phase 

angles of 0°, 30°, 25°  and 50°  respectively. Phase com-

parator V was adjusted for 180°, that is, if the load- 
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angle reached 180°, the machine was considered to have lost 

synchronism. The maximum slip for attempting resynchron—

isation was adjusted to 2 percent. The resynchronisatioh 

circuit was adjusted to come into action with a time 

delay of two slip cycles after losing synchronism. 

With the micro—machine connected to the laboratory 

mains either direct or through an external reactance, the 

relay was switched in. By reducing the field excitation, 

the machine was brought out of synchronism. The test 

arrangements were, that on losing synchronism, the relay 

would remove the excitation and leave the field shorted 

through a discharge resistor. After monitoring the 

necessary conditions, the excitation was switched on 

automatically at the required instant and the subsequent 

resynchronisation observed. The full process was also 

recorded on a pen recorder. 

Figs. 9.10 and 9.11 show the actual records 

obtained during the resynchronisation study on the micro—

machine. Fig. 9.10 shows the operation when the slip, 

after loss of synchronism, was less than the prescribed 

maximum value. In Fig. 9.11 is shown the case where on 

losing synchronism, the machine attained a slip higher 

than the prescribed maximum. In this case, the slip was 

reduced by reducing the out-out manually by adjustment of 

the driving motor. These figures clearly show that the 

relay functioned correctly as specified and the machine 

pulled into synchronism very smoothly in the minimum time 

without any manual intervention. 
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CHAPTER 10  

CONCLUSIONS  

10.1 A review of results  

Asynchronous operation and resynchronisation of. 
synchronous machines has been studied by a number of invest-
igators in the past. Most of this previous work is based 
on assumptions that are not strictly valid for the partic-
ular conditions of operation under study. In the present 

thesis, asynchronous operation and the process of resyn-
chronisation has been studied using an elaborate represent-
ation of the synchronous machine. Most of the work presented 
in the preceding chapters is based on no additional assump-
tions than those inherent in the 'General Theory of 

Machines  

Two mathematical models, one for laminated rotor 
and one for solid rotor machines, have been developed for 
the study of asynchronous operation and resynchronisation 
on a general purpose analogue computer. Salient-pole or 

cylindrical rotor construction can easily be simulated by 

either of these two models. Also, the effect of various 
system or machine parameters and auxiliary equipment can 

be studied. The equations, on which the two mathematical 

models are based, are in the general form. The entire 
work is thus equally valid for both Generators and motors. 

Every previous attempt to study resynchronisation 
resulted in studying conditions for what is now called 

'spontaneous resynchronisation'. In simple words, spon- 
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taneous resynchronisation may be termed as resynchronisation 
by chance with practically no control over the actual process 
of resynchronisation. In this thesis, resynchronisation 
has been studied by an original approach and the process 
explained in detail. It has been shown feasible to control 
fully the entire process. Criteria for resynchronisation 
have been laid down and a scheme for automatic resynchron-
isation proposed. This scheme can easily be integrated 
into any overall scheme for automatic control of power 
stations using 'on line' computers. 

The behaviour of an individual machine is of 
considerable theoretical interest, but of even greater 
importance is its behaviour when forming part of a power sy-
stem. In a practical case, a machine's behaviour, though 
influenced to a certain extent by its parameters, is 

dictated by its location with respect to other machines 
and the interconnection of the system. By the very nature 

of a synchronous machine, there are certain conclusions 
that can be drawn regarding its behaviour during out of 
step operation and during resynchronisation. Inferences 

based on the studies of Chapters 6 and 8 are summarised 

below. 

10.1.1 Asynchronous operation 

1. At reasonably low slips, it is possible to 

obtain a considerable amount of output from a normal machine 

running asynchronously. 

2. Under the operating conditions obtaining in 

practice, asynchronous operation with open field gives the 
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best results since this condition produces the minimum of. 
disturbance to the system. This mode of operation is subject 
to the over-riding proviso that for the slips at which machine 
operates, the induced voltage in the field winding is not allowed 
to exceed its designed insulation level. 

3. 	High bus-bar voltage is an aid in the reduction of 
disturbances on the system and in obtaining higher power output 
from the machine. 

10.1.2 Resynchronisation 

1. There is a maximum value of slip beyond which it 
is almost impossible to resynchronise a machine. 

2. Because of the ceiling voltage of any excitation 
system, there is, in practice , an upper limit on the slip magni-
tude - generally lower than the maximum value - beyond which 
it is not practicable to resynchronise a machine. 

3. To effect easy re synchronisation with the minimum 
of disturbance to the system, the angle of field application 
should be well controlled. In the majority of practical cases, 
the most favourable angle of switching lies between zero and 45 
degrees in a slip cycle. 

4. Re synchronisation is, in most cases, accompanied 
by a swing in power and current , which is only of short duration 
when re synchronisation is effected under properly controlled 
conditions. 

5. Resynchronisation from the field open mode of 
asynchronous operation is generally the easiest, requiring 
minimum time and least magnitude of field excitation. 
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6. Lower moment of inertia generally helps in 

resynchronisation. 

7. Control of turbine speed-governor and auto-

matic voltage regulators is essential in achieving auto-

matic resynchronisation. 

10.1,3 .Eutomatic resynchronisation scheme  

On the basis of the above conclusions, it is 
possible to specify a practical scheme for achieving auto-

matic resynchronisation without human intervention. The 
proposed scheme has been described in Chapter 9. This 
scheme can be incorporated in any scheme for the automatic 

control of power stations by computer as is being now 

developed. 

10.2 Further work  

10.2.1 Mode of field connection  

With the usual d.c. excitation systems, the field 

can be in one of the three modes as considered in the pre-
sent studies. A.C. exciters and rectifiers are now being 

introduced to replace the d.c. exciter. Because of differ-

ent forward and backward resistances of the rectifiers, 
asymmetry is introduced into the field circuit during out 

of step operation, and may considerably affect the oper-
ational characteristics of the machine. This is likely to 

have a significant effect on asynchronous operation, but 

the process of resynchronisation should not be affected to 

any great extent. 
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Depending upon the actual configuration of the 

scheme adopted, its effect on asynchronous operation needs 

to be studied as a special operational problem. Although 

the simulation techniques described in Chapters 4 and 5, 

in general, still hold good, the simulation of the field 

circuit would need to be modified to take account of the 

changed circuit parameters. 

10.2.2  Effect of speed governor and voltage regulator 

Because of the lack of sufficient elements on 

the TR48 analogue computer used in the present studies, 

the effect of a simple velocity governor with a single 

time-constant only has been studied. This is reasonable 

for the case of hydraulic turbines. To study the operation 

of alternators driven by modern reheat, compound steam 

turbines, a more elaborate representation of governor and 

turbine is essential. Also the effect of a more sensitive 

governor compounded of velocity and acceleration feedback 

signals needs to be studied. 

Throughout the present studies, no voltage reg-

ulator action has been considered. It has been proposed 

that excitation should be removed as soon as machine 

loses synchronism. Thus the voltage regulator would be 

out of action during out-of-step operation and will come 

into play only during the process of resynchronisation. 

To study resynchronisation, constant excitation was applied. 

If, however, sufficient additional elements are available 

on the computer, it would be worthwhile to simulate a 

voltage regulator and study its influence, if any, on this 

process. 
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10.2.3 Digital techniques 

Availability of a sufficient number of elements 

is one of the main limitations in the use of the analogue 

computer. For the study of larger problems, it is becoming 

possible to develop suitable digital techniques, particu-

larly as larger digital computers are available. Most of 
the programmes so far developed for the study of power 

system problems on digital computers are based on a step-

by-step method using a fixed step length. This necessitates 

introduction of many simplifying assumptions which are not 

always valid, thereby introducing many errors in the sol-

ution particularly if the comrutation is carried out for 

a reasonable length of time. 

A programme called 'MIDAS,105, employing variable 

step length, has been developed recently for use on the 

IBM 7090 digital computer. This programme can be written 

directly from the analogue computer flow chart, without 

any further simplifying assumptions. It would be inter-

esting to carry out studies on the two computers simul-

taneously and to compare results. In the event of reason-

able results being obtained by the 'MIDAS' programme, it 

would be possible to study the problem in much greater 

detail. 

10.3 Concept of stability 

In general terms, the stability of synchronous 

machines may be defined as their ability to remain in syn-

chronism with the power system to which they are connect-

ed67. Traditionally, the stability limit is determined 
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on the basis of first swing and does not provide for any 

pole slipping. This concept was adopted because of the 

lack of proper control devices. With the development of 

the modern fasts-acting automatic voltage regulators and 

electro-hydraulic speed-governors106,107,108 transient 

stability boundaries are being considerably modified. 

It has been shown in the present studies that 

it is cuite practicable to control the process of resyn-

chronisation of synchronous machines with proper control 

devices. By allowing the synchronous machine to lose 

synchronism and to resynchronise, 	gains in 

transient stability are possible 109. 9. Schemes for fully 

automatic control using 'on line' digital computers are 

being planned for the power stations of the future. These 

schemes envisage control on the basis of a single inte-

grated unit, with every operation during normal functioning 

or during disturbed conditions being controlled by a master 

controller. In schemes like this, asynchronous operation 

and resynchronisation could be handled as a routine 

function. 

In view of these modern developments, the entire 

concept of system stability needs revising. It is suggested 

that the definition of stability based on the first swing 

hypothesis be changed and a new definition which allows 

for pole slipping, under certain conditions, be worked out. 

This will allow for much higher stability limits than at 

present and could result in quite considerable economies, 

in addition to increasing the reliability of operation of 

power systems. 
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AFPL=Ix 'A'  

MACHINE DATA 

A.1 Solid rotor machines 

Quantity 
Goldington Narchwood Staythorpe 

30 NW 	60 NW 	120 EW 
machine 	machine 	machine 

Micro— 
machine 
Stator 

no.334818 
Rotor 

Bape 

37.5 x 103 

6.8 

1 ,835 

3.7 

266.5 

75 x 103 

6.8 

3,675 

1.85 

239.6 

150 x 103  

7.96 

6,260 

1.27 

984 

no.334828 

2.236 

0.127 

6 

21.15 

1.06 

T=tities 

Voltamps 
OVA 

Voltage 
(phase) ITV 

Current 
(phase) 

amps 

Impedance 
ohms 

Field 
current 

amps 
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Quo' ntity 
Goldington Y:,,rchwood Staythorpe 

30 KW 	60 1111W 	120 MW 
machine 	machine 	machine 

Micro- 
machine 
Stator 

no.334818 
Rotor 

Parameters 
p .u. 

x 	( satur- 
ated) 

x q 
xj, 0.175 

x"a  
xa 
xf 
ra 
rf 
rf  

1.68 

1.5 

0.125 

0.10 

0.14 

0.00166 

1.195 x 163  

- D 

3.61x10-' 

1.52 

1.52 

0.17 
0.11 

0.096 

0.0017 

4.79 x 10 4 

5.61 x 1-64  

0.130.253 

1.75 

1.37 

0.30 

0.19 

0.08 

0.00121 

1.14 x 10 3 

4.52 x10 

no .334828 

1.59 

1.49 

0.191 

0.138 

0.1 

0.1276 

0.0109 

1.135x102  

1.48 x10 

Various 
xe 	0.133 	0.145 	0.24 	values 

discharge 
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Quantity 
Goldington Marchwood Staythorpe 

30 MW 	60 MW 	120 MW 
machine 	machine 	machine 

Micro- 
nachine 
Stator 

no.334818 
Rotor 

no.334828 

15.8 21.1 22.2 118.5 

2.66 3.68 3.71 0.114 

1.0 1.1 0.864 0.2 

1 1 1 2 

1.75 1.75 2.236 1.6 

Physical  
data 

Teffective 
= (Tph  xkw  ) 

width w 
metre 

length 
metre 

pole pairs 
P 

Bs Wb./m2 

Frequency f 
c/s 

-8 	 14x 168  Resistivity 27 x 10 	21.5x 1.38 27.94 x 1(58 p ohm-m 

Inertia 
constant H 
	

4.6 	3.98 
	

3.1 	4.15 
KW sec/KTA 

Field curr- 
ent at open- 
circuit 
	

142.5 
	

168 
	

589 	0.71 
rated volt- 
age amps 

Magnet- 
isation 

character- 
istics 

Fig. A.1 	Fig. A.2 	Fig. A.3 	Fig. A.4 

50 	50 	50 	50 
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Fig. A.2 	Open.circuit and 	short_circuit 	characteristics 
60 M.W. Marchwood 	Tur bo_a1 ter na tor 
O.C.C. - 	Open _circuit 	characteristic 
S.C.C. - 	Short _circuit 	characteristic 
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A.2 Laminated rotor micro-machine  

Stator no. 334819 
Rotor no. 334018 

Base quantities 

Voltamps 	- 11 525 VA 
Voltage (phase) - 127 volts 
Current (phase) - 4 amps 
Impedance 	- 31.75 ohms 
Field current 	- 0.519 amps 

Parameters p.u. 

xd (saturated) - 0.9403 
x
q 	

- 0.568 

xd 	- 0.237 

xd 	- 0.1495 

xq 	- 0.1425 

xa 	- 0.0976 

xf 	- 0.2124 

"kd 	- 0.0383 
ra 	- 0.007 
rf 	- 0.00446 

/ 
Tdo 	- 0.885 secs. 

Td 	- 0.188 secs. 

Tdo 	0.046 secs. 

Td 	- 0.017 secs. 
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ti 
Tqo 

Ta 
Tkd 
H 
Magnetisation 
characteristics 

- 0.094 secs. 

- 0.0218 secs. 

- 0.0672 secs. 

- 0.00832 secs. 

3.64 KW sec/KVA 

- Fig. A.5 
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APPENDIX 'B' 

ANALYTICAL SOLUTION FOR 

LAMINATED ROTOR MACHINE 

Based on the assumptions described in Section 4.3, 
pulsations in torque and slip can be calculated as described 

below. 

B.1 Torque pulsations based on constant slip 

With a constant slip s, load-angle increases 

uniformly with time, i.e. b = swot. Eqns. (3.12) and (3.13), 

neglecting ra, then become 

Em  • Sin. swot = p 	+ (1 s ) 	. . .(B.1) 

Em • Cos swot= - (1 - s)w 	+ o d pq . . .(B.2) 

Since the equations are linear, the solution may 

be obtained by superimposing two separate parts for which 

additional suffixes are used: suffix 1, solution with 

applied terminal voltage but no field voltage; suffix 2, 

solution with applied field voltage but no terminal voltage. 

This superimposition is valid on the assumption that the 

two components are independent of each other. This 

assumption is not strictly true, and the result obtained 

is only a first order approximation. 
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B.1.1 Calculation of torque with no field voltage 

Daring steady asynchronous operation with ef = 
axis currents and flux linkages obtained by the simultaneous 
solution of Eqns. (3.20), (3.22),  (B.1) and (B.2) are 
sinusoidal quantities at slip frequency. These equations 
can be converted into vector equations45 by substituting 
p= jswo  and replacing the variables by the corresponding 
vectors. 

wo7F.di = xa(Jswo) • ;1 
	. . .(B.3) 

x(i(iswo)  • Tql 
	• • 

-jE=  is wo5irdl ± (1  - s wo41 
	• . .(B.5) 

E= -(1-s) woilVell 	jswocro. 	. . .(B.6) 

With assumption (ii) of section 4.3, Eons. (B.5) 
and (3.6) simplify to 

wod1 	E  

- E  
Idl = xd(jsw() = E(Ya 	iYb)  

I 	jE(Yc+jYa) ql x0( J jiCJ-  

= E(Yd -j-Ye ) 	. . .(B.10) 

where 	and Yc are the real and Yb and Yd are the imaginary 



xa(p) =  	, 
(1+T 	P) do-L 	ao 

(1+ Tap) (1+ d  p )  
• x

d 
	. . .(B.11) 
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components of 

1 	and 1 	respectively. 

xd 	o (jsc,37 	xq( su -T 

Values of'd  (jswo  ) and xa  (jswo) are obtained from 

Eqns. (3.19) and (3.21) respectively by substituting p with 

(jswo) in these equations. However, as it is difficult to 

obtain with reasonable accuracy the values of all the time-

constants T1 to T in Erin. (3.19), this expression is _ 5 
i further simplified

61 
 i nto the form given below, on the 

assumption that the per-unit resistance of the damper wind-

ing is generally much larger than that of the field winding. 

where Td' Td' Tdo and  Tdo are the four well-known principal 

time-constants of the synchronous machine. 

The instantaneous values of the flux linkages 

and currents are given by 

•
• 	dl  1ff 	- 	• Cos swot 

• lt• rql = Em •• Sin swot 

	

1d1 = 	E ra  (Ya  • Cos soot - Yb • Sin swot) 

ni(Yd.  • Cos swot + Ye • Sin swot) 
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Substituting Ecns. (B.12) to (B.15) in Eqn. (3.24)9  

71L(lb Yd )  (YC  Ya ) Sin 2swet + (Yd.  —yij)cos 2swot] el=
. . .(B.16) 

From Ten. (B.16), mean torue is 

E2 _L Te(mean) 	2 	b ' -" 
v 
d
) 
 . . .(B.17) 

B.1.2 Calculation of torque with a field volta e 

Torcue component Te2  resulting from the application 

of a field voltage is calculated by putting Em = 0 in 

Ecins. (B.1) end (B.2). In this case, axis currents and 

flux linka,zes are constant auantities and solution is 

obtained by putting p= 0. 

Ifi d2 = 2  = 0 ci 

d2 = f .y, 

= 0 

• e  

Although the components of EcLns. (B.18) to (B.20) 

by themselves would produce no torclue, there is, however, 

a tornue due to the interaction of id2  and al' 

Total torque of a m_achine running asynchronously 

with supply voltage E and field voltage ef  is, therefore, 



xd 
E.E o • Sin sw t . . .(B.21) 
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T = Tel + Te2 

7,2 
= 	-5-{(yb  +yd) + (yc  ya ).s in 2swot + (Yd.  - Yb) Cos 2swot1 

r where Eo = 	
ad . e  41 

2 rf 
. 	. 	. (13 . 2 2 ) 

= open circuit voltage induced by the excitation 
at synchronous speed 

B.2 Calculation of slip pulsations 

For calculating the slip pulsations, it is assumed 
that the prime-mover torque has the constant value given by 

Eqn. (B.17) and that the electrical torque is still given by 

Eqn. (B.21) with swot replaced by b. 

The eQuation of motion is then 

	

E.E 	 7  

	

2 	2 

' 
2H d2b. 

2 = 
	° 	E . Sin. b - 	(Yc  - Ya 	2 ) Sin 26 - 	(Yd  - Yb  )Cos 26 

	

2 	== 
o dt 	"a 

. . .(B.23) 

	

db 	 db Multiplying by aT  and integrating, using wos=.-c7, 

E•E 	E2 woHs
2 
= 7-- 

o . Cos b + 	-Ya 	4 )Cos 2b - 	(Yd  -Yb  )Sin 26 - 

	

	"4- (Yc  d 

	

+ X 	. . .(B.24) 
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X, a constant of integration is equal to the 
mean value , taken with respect to S, of the function on 

2 the right-hand side and. is given by X = u0•11.sm. 
Conse ou_ently,  

s 	
E.E 2 	2 	 E  

= s + 	• Cos + 	(Y -Y )Cos 
o m 	
1 

L x 
o 

d 	4 	c 	a 

7,2 
1---(Yd  -Yb  )Sin 261 . . .(B.25) 
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APPENDIX 'C 

ALTERNATIVE FORMS OF EXPRESSIONS FOR 
OPERATIONAL IMPEDANCES  

From Ecins. (3.19) and (3.20)2  

xa(p) 	{1 + (T4 
	- +T  5')-o 	-4 T  

6-613‘-  + T 

w. 1 + (T1+ T2)p + Ti.T3p
2] • Ld . . ,(C.1) 

Substituting the expressions for various time-
constants, as defined in Reference 452  in an expanded form 
Ecin. (C.1) becomes 

xa(P) rf•rkeLe{rf*-6a.likerke-6a•LeLmd(rf•-6kerkd-6f)}13 
o rf•rke(rkd*Lerf.Lkd)P1-"f•Lke6keLmdlij

N„,2 

E6f • 	*Ld+Lmd.'6a( -6f+"&lcd),I P  
2 
 

rf.rke(rkd*Ile-rf.lkd)P+( f*Lke6keLmd)P2  

which by some re-arrangement can be written in the following 
alternative form: 

xa(p) 	(rerkd)P4-"f+-6kd)P2  	2 
La  2 •Lmd 

	

r .r .(r •L +r 	)p+(6 	A6 	)p f kd-r  kd f f kd 	f kd kd md 

. . .(c4.2) 

From the same two Eqns. (3.19) and (3.20) 

(1)) = 	 
o 

1+Tkd•p 	Lmd  

1 + (Ti  + T2)p + Ti•T3sp2 • rf 



= 
OJ

o 
	Lq rkg+  (,&ko + Lmci)P 

. . .(c.5) 
xci(p) L

2 
. mg •p  
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and in an expanded form, 

rkd + Lkci • p 
• Lmd 

rf .rke(rkeLf +rf aLkd) P-1-"f .Lke6kd.LnA)132  
. . .(c.3) 

Similarly, fro:11 Eo4.ns. (3.21) and (3.22) 

xcl 
(p) 	1 + T

q_ 
 p 

wo 1 + lgo p 
• Lg. . . .(C.4) 

By substituting the expressions for various time-

constants and rearrangement, Eqn. (C.4) can be put in the 

following alternative form: 
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AYPENDIX 'D'  

EXPRESSION FOR SOLID-ROTOR IEPEDAKCE 

D.1 General  

Adequate representation of eddy-current effects 

in the solid rotor body during asynchronous operation of 
a synchronous. machine will recLuire an infinite number of 

coils on each 	The complexity involved will, for 

most practical problems, render a reliable solution un-

feasible. Considering the rotor as a semi-infinite slab 

of iron, eddy currents in the rotor body can be calculated. 

Based on this method, an expression for the effective 

impedance of the solid rotor body has been derived40. 
Brief outline of the derivation is given below. 

D.2 Direct-axis electric and magnetic circuits  

During asynchronous operation, the synchronous 

machine can be considered as a transformer, of which the 

stator winding is the primary, while the rotor circuits 

form the secondary. The configuration of the magnetic 

circuit of the transformer is that of the machine, a 

simplified section of which is shown in Fig. D.1. The 

main direct axis flux passes round the stator core and 

through the main body of the rotor inside the slots, as 

indicated by the dotted lines. Because of the skin-effect 

caused by the eddy currents in the iron, the flux is 

thrown outwards and is concentrated in a band of iron 

material at each side of the rotor body. 



AREA OCCUPIED BY 
STATOR SLOTS AND 

CONDUCTORS 

DIRECT 
AXIS 

AREA OCCUPIED BY 
ROTOR SLOTS AND 

CONDUCTORS 

r 

Id 

ed 

   

   

Fig.D.1 Direct_axis 	flux path of a turbo_alternator. 
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Fig. D.2 Idealised 	.electromagnetic 	model of the 

	

direct_ axis flux 	paths 
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Fig. D.2 is a diagrammatic representation of 

the magnetic system. The part corresponding to the solid-

rotor body is shaded in the two figures D.l and D.2. The 

unshaded parts in the diagram indicate laminated iron 

portions, which are assumed to have infinite permeability. 

The laminated iron portions, shown on the rotor side, are 

fictitious and are used to indicate various leakage flux 

paths. The main flux pfm  links both the armature and field 

windings and passes across the main air-gap of reluctance 

Sm and the rotor body of reluctance Sr. S
m  is a real 

constant calculated from the dimensions of the air-gap, 

but including an allowance for the stator core and teeth. 

On the other hand, Sr  is a complex number varying both 

with the frequency and the flux. 

The electromagnetic model of Fig. D.2 can be 

represented by an equivalent circuit given in Fig. D.3. 

In this equivalent circuit, all the components have the 

usual values except for the rotor impedance Zkd, which is 

a complex number depending on the reluctance of the rotor 

body. For practical purposes, it is more convenient to 

calculate the reluctance of the rotor body Sr  in actual 

units. The relation between Zkd  in ohms and Sr  in ampere 

turns per weber is given by 

Zkd = j k • k. kd 	r . . .(D.l) 

wheretheconstantskand ki  are functions of the effect-

ive number of turns in series per phase of the stator wind-

ing and the number of phases. 

If there is no applied field voltage ef, the 

stator induced voltage depends on the operational impedance 
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Fig. D.3 Direct_axis 	equivalent 	circuit 
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Fig- D.4 Equivalent circuit 	giving 
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Va 	jsxd  (jw) . Id 	 . . .(D.2) 

Hence xd(jw) is given by the equivalent circuit 

of Fig. D.4. 

D.3 Quadrature-axis circuits  

The quadrature-axis operational impedance x (jw) 

can be calculated by a similar method. The dotted lines 

in Fig. D.5 indicate the mean path of the quadrature-axis 

flux if the frequency was high enough to cause a pronounced 

skin effect. For this case, it is however more difficult 

to determine an equivalent simplified system. Tests taken 

on the 30 TO machine at Marchwood showed that the quadrature- 

axis impedance locus agrees quite closely with that for 

the direct axis with the field circuit open. Working of 

the theory is, therefore, based on the assumption that 

the impedances with the field circuit open are the same 

for the two axes. 

Application of the operational impedances to the 

study of operational problems in synchronous machines 

assumes that the flux paths on the two axes are independent 

and that the principle of superposition can be used. 

Figs. D.1 and D.5 show that the flux paths in the rotor 

body are to some extent independent although there must 

certainly be some interaction when saturation occurs. 



IQUADRATURE 'AXIS 

Fig. D.5 Quadrature _axis 	flux path of 
turbo -alternator 

Y 
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x 

Fig• D.6 Semi_infinite slab with co-ordinate axes 
The dotted tines indicate an element of unit area 
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D.4 Calculation of impedance of the rotor body 

D.4.1 Basic equations  

The method depends on a mathematical solution 
for a slab of iron of uniform thickness 2d and extending 
to infinity in the x-direction, as shown in Fig. D.6. The 
differential equation for this one-dimensional problem is 

1 	-a B 
P 

. . .(D.3) 

where H and B are the magnetic force and the flux density 
in the y-direction. The boundary condition of the problem 
is that the surface value of H, when x=0, is given by 

Ho Hmo  .Sinwt 

The problem is to dete/mine the flux per unit 

width in the z-direction at a given frequency w. The sol-
ution for the condition of asynchronous operation has been 

made on the basis of a rectangular approximation to the 

B/H curve. 

D.4.2 Explanation of the approximation 

The working of the theory is based on the rect-
angular magnetisation curve shown in Fig. 5.1. The flux 
density is assumed to have a constant saturated value Bs  

whenever H has a value greater that zero in either direction. 

The application of this method depends on estimating an 

appropriate value of Bs  for any particular condition. 
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The saturated flux density Bs  must necessarily 

be greater than that due to the maximum flux Om  if uniformly 

distributed. Consequently, at the instant of maximum flux, 
the distribution of B in the iron is that shown in Fig. D.7(a), 

where 

b = Om/Bs-w 

D.4.3 Calculation of impedance  

Eddy currents flow in the iron as a result of the 

electric force induced by the changing flux. The current 
density J which flows in the z-direction at a distance x 

from the surface is given by 

= t • 4-7  [ Bs( -x) - Bs(b -.)] 

.(D.5) x <, = p 2 • B s • ZY 

= 0 X 7 t 

  

The current distribution at time 't' is, therefore, 

that shown in Fig. D.7(c). Since H=0 when x>b, the sur-
face value of H is equal to the total current flowing in the 

region x< b. Taking zero time at the instant when = 0 and 

H0  = 0, 

d • Bs H0 = Hmo • Sin wt = 2 	•  - • 	
Bs d 	2) . . .(D.6) 

Integrating Eqn. (D.6) and taking the square root, 

= 	2 p Hmo  

COBs ) • Sin— 
cot over the period 0< 	. . .(D.7) 2 
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d 

(a) 
B 

• Bs 

x d 

	>
x 

(b) (c) 

Fig. D.7 Flux density and current distribution for non-linear theory 
(o)Flux density at instant of maximum flux 
(b)Flux density at any instant 

(c)Current density at any instant 



The maximum value of 	is '6, i.e. 
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2pH 
° = 	uBm°)  . . .(D.8) 

Flux in the rotor body at any instant is given by 

0= 2w•Bs•b(2Sin Wt - 1) 	 . . .(D.9) 

By Fourier analysis, fundamental component of the 
flux is given by 

where 

. . = °m.  Sin(wt 	 .(D.10)  

Om  = 
43.745-  • 2w• Bs 	. . .(D.11) 

X = arctan2 = 63.4° 	. . .(D.12) 

From Eqns. (D.8) and (D.11), 

9n2 w Yjm Hmo  = -13,4u ' 2 ' Bs  p s 
. . .(D.13) 

Fence Fence the effective reluctance is 

.6 Hmo • _ 97c2 w6 	 grm 	 j63.4 
TTU S 	B 't r  w2 p 	s 

and the effective impedance of the rotor body is 

2 
640 • " P wo Bs 	j26.6°  

Zkd = IYki.9112. , w6 
• T.. E  

640 	w2 P.33 s 1 ,j26.6o 

	

97c2 1-v.'
, 

 i.7 
 
. m 	 s °C,  

. . .(D.14) 

. . .(D.15) 



because w = o . 

Using rationalised MKS system of units, value 

of Zkd will be given in ohms. 

It is significant to observe that the phase 

angle (26.6°) for the rotor impedance obtained by this 

method works out to be exactly the same as that suggested 

by Chalmers20 and Sudan28 
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