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STNOPS XS 

Power system stability problems have been solved 

by various methods. In the present work for simulating 

the power faystem an the analogue computers  each component 

of the system is represented by its performance equation. 

The synchronous machine is represented with the help of 

the operational forms of the Park's equation.. In the 

previous work the induction motor load is simulated with 

the help of a@O/dqo transformatiorn. tn this work the 

motor is simulated by its equation of motionand its equi.. 

valent circuit. 

In carrying out the transient stability study of the 

power system on the occurrence of unsymmetrical faults,. 

the method, of symmetrical components is used which reduces 

the system to a form suitable for analogue computat ion. 

An attempt has been made to include the contribution 

made by the damper winding and angle regulator towards 

the transient stability of the system when a major dict . 

urbane on the system takes place and finally the comb. 

rood effect of voltage regulator and angle regulator upon 

the transient stability limit of the system*  

The effect of variation of the various parameters of 

the system e.g. resistance damper winding, gain and time 

constants of the regulator and the governer can also be 
studied. 

This thesis gives in detail the performance equations 



of the various elements of the power system and the 

computer set—ups to simulate these equations# A simpler 

method of representing unsymmetrical faults on the 

system is proposed. 

This thesis also discuss briefly the various met-

hods of simulation and study, Finally the method of 

simul.tIng a multi xn ichine system Is explained. 

The assumptions made are the same as made in other 

studies, 



NOMNCLURB 

ea, et ec 	voltages of phase a,b c 

1,d #47q 	d.q, axis fluxes, 

ed eq 	d... axis volt age # 

id iq 	d••q axis current, 

at 	terminal voltage, 

Er 	refrence voltage, 

vb Buebar volta; e $ 

F Subtrans teat voltage, 

• Components of bus voltages 
along dqatie 

a im 	dance 
r resistance, 	. 
cd 

 
darts synchronous reactance, 

I'd d-axis transient reactance,. 
q-axis synchronous reactance, 

0 Impedance angle, 

rotor angle 
M inertia constant of synchronous 

Machine, 
T , input torque, 

Te electrical torque,: 

Ti T2 T3 time constants used with voltage  
regulator 

T4 ?g time constants used with a gove 	er 

1Kr2 	3 Arbitrary constants used with volt- . 
age regulator 

K 1 	6E ~b2 Arbitrary constants used with governor 

Gg 	Governer gain. 
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ea et e0 	voltages of phase a,b e 

Vd10Vq d4 axis f lwre8 

ed eq d. q asin voltage,, 

Id Lq c .q axis current, 

O. 	terminal voltage, 

Er 	refrence voltage., 

V'b T isbar voltage, 

Subtransient voltage, 

V *Vq Components of bus voltages 
along d-q..atie 

Impedance 

r resistance,  
d•~axis synchronous reactant e , 

I 
Xd d 	ais transient reactance,  

c .•axin synchronous reactance r 

0 impedance angle, 

rotor a 	le, 

. Inertia constant of synchronous 
machine, 

i input torque,, 

Ce electrical_ torque,,. 
j T2 	' time constants used with voltage 

regulator 
time constants used with governer 

1 Kr2E13 Arbitrary constants used with volt... 
age regulator 

K1 K62 K 2 Arbitrary constants used with governer 

t 9 	Governor gain. 



e fractional slip 

Ftp. Re  rotor and stator resistance, 
of induction motor 

Xr  X8  rotor and stator reactances, 

T L  load torque 

I Inertia constant of induction motor 

1 used as a suffix for positive sequence$  

2 used as a suffix for negative sequence, 

0 used as a su 	 fix for field 

kd kq  used as a suffix for damper 



3,1 INTRODUCTION 

A power system consists of a large number of elements 

and these can be broadly divided into the power and the 

control elements. The power elements include the generators#  

transformers, transmission lines and the loads while the 

control elements include the voltage regulators and the 

governer, the protective equipment and the switchgear. 

In normal operation of the power system all these 

elements react together and form one unit for the purpose of 

generation, transmission and distribution of electrical 

energy. 

Effective and efficient control of the power system 

can be realised only when the exact nature of the transient 

behaviour of the system is understood • While studying the 

transient behaviour of the system, it must be remembered that 

all transients resulting from the occurrence of faults and 

their clearance # switching on or off the loads etc. are 

essentially electro-meohanioal transients. Hence, it is neoess.- 

cry to consider all the elements of the power system as cons... 

tituting an integral system. This means that the study of the 

electrical parts of the system should be associated closely 

with the study of the prime movers and their control equipment. 

The characteristics of the power elements of the system 

are defined by the impedances, sdmittgncee and the transforma-

tion ratio#  time constants, inertia of the -rotating parts etc. 

These are known as the parameters of the system. 

The stability of a system is defined as its ability to 
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develop restoring forces between its elements equal to or 

greater than the disturbing forces so as to maintain a 

state of equilibrium between the elements. 

A power system while in operation may be operating 

either within the steady state stability limit or within 

the transient stability limit. A steady at ate stability 

limit is defined as the maximum amount of power that the 

system can transmit without loss of synchronism when the 

load is increased in small steps. Accordingly the field 

currents of the generators and synchronous condensers 

increase in each steps  thereby maintaining normal operat-

ing conditions. Obviously an increase in field current is 

necessary with the increase of loads so as to satisfy the 

constant voltage requirement. If the increase in the field 

currents can be made to increase simultaneously with the 

increase of load as it could be with a suitable voltage 

regulator, the stability limit increases appreciably. The 

stability limit under those conditions is known as dynamic 

stability limit or steady state limit with automatic devices. 

A system is said to be in a transient state if the oper-

ating state of the power system is characterised by sudden 

changes ).n load or circuit conditions. 

For a clear understanding of the nature of the transients„ 

it is necessary to consider short period transient processes 

which may occur due to changes in the electromechanical 

conditions of the system or due to the occurrence of a fault 
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In the system. If the system can withstand these dietur. 

bancee without the individual machine loosing synchronism, 

it is said to be stable. So, it is necessary to study not 

only the steady state conditions but also the transient 

state conditions which frequently prevail in practice. 

For the successful operation of the system, it is 

necessary to maintain 	voltage and frequency within 

the specified unite at various points in the system. The 

system suffers from various disturbances such as ooeurr. 

once of faults, throwing on or oft of loads etc. These 

disturbances tend to create instability in some of the 

machines. The system then develop$ restoring forces to 

bring itself back to its original state or some other 

stable state as may happen when the faulty part of the 

system is switched out, The automatic devices help the 

system in developing the restoring forces. 

Therefore, for the successful operation of the power 

system during the transient conditions it is necessary to 

know the contribution made by the automatic devices and the 

reaction of the system to their operat ion. Thus, if the 

designer has a dear idea about the transients occurring in 

the system he can make a correct assessment of the influence 

of the automatic devices, The design of the automatic devices 

can then be optimised so as to make the distinction between 

the transient and the steady state stability limits disappear. 

Numerous approaches have been made to the system 

stability problems. All these are based on the operational 
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form of the Park's equation written for the synchronous 

msohinee l21. Many times certain simplifying assumptions 

are made , For example, the f lux linkage of the field a 

winding is regarded as constant during the transient 

process. This enables one to represent the machine by 

the voltage Eq defined In the phasor diagram ehown in 

Fig. i, and the reactance x.. (It can be proved that 

Sq represents the field flux linkage). As a result of 
this assumption, the equations of motion, of the machine 
is reduced to a second order non-linear differential 
equation of the form, 

dd4 I 	epi-~ pm sin 6 
dt 

This equation has been solved by methods such as 
the Step..by-Step method 1 1 and the network analysers 6''' I 

Other approaches start from the 	equation 
of the machine and use the equation, Te I'diq.»t q d for 
the power output. Bence, the power output is expressed 

in terms of both the angle 6 and time t during the 
transient process Various assumptions are usually made 
in this analysis for simplicity. The following general 
methods are used to study the stability problem. 

1. Mechanical Model Simulator, 
2. Stop-by-Step and graphical analysis,. 
3. General d tfferential analyser application, 
4. Network Analyser, 
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5. Digital Computer s  
6. Analog Computer, 

7. Combined Computers  
The effect of variation of the field flux linkages 

during transient disturbances has to be observed carefully 

for the following reasoner.. 

(a) To find the damping characteristic of the system 

to assess the validity of the assumption of constant 

field flux linkage. 
(b) The contribution made by the modern fast acting 

voltage regulator towards the transient stability limit 

of the system, 

(c) Generalised relationship between the assumptions 

made and the system parameters from the results of the 

above assumptions and associated studies. 

perimaen,ts were conducted on various computers e.g. 

prototype analogue computers  a combined computer, a 

combined electrical„ eleotro—mechanical, electronic 

simulator, an electro.-mechanical analogue computer and a 

purely electronic analogue oomput er i 8  l . The experiment 

concluded In the selection of a analogue computer of the 

d.c. electronic type because of the following, 

(a) Close physical resemblance with the actual system#. 

(b) Easiness of varying system parameterap 

c) Direct variation of record of am quantity of the 

system#  and 



(d) Accurate representation of the system disturbances 

and the prediction of remedies for overcoming the harmful 

effect caused by these disturbances. 



1.2 N$CESSI'T 01? $TMTJLAT'I9IT 

In the past the power systems were simple, consist.. 

Ing of one generating station with a radial distribution 

system. Hence, the study of changes on the occurrence of 

disturbance was of little importance. With the advent 

of the development of t ie industry, the growth In the 

interconnections in the power system has created the necese-. 

ity of improved quality and continuity of the service. 

Purther, the widespread application of automatic 

voltage- regulators and fast acting governors in posing 

Important problems for successful operation. The effect 

of varying the different parameters of the automatic volt-. 

age regulator and fast. acting governess on the overall 

performance of the system In to be studied 

To arrive at qualitative and quantative results by 

analytical methods, particularly with complex multiioop 

systems the analysis involves laborious calculations. Also, 

in systems associated with elements having non.-linear 

characteristics and where large number of variables are 

involved, for proper evaluation of performance, the oale. 

ulat lone become very lengthy and hence curtail the scope 

of the study. 

The use of analogue computer simplifies and shorten 

the work of carrying out the calculations,, It is a tool 

which, in the hands of a competent engineer*  becomes a 

very valuable aid in analysing the performance of the 
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system and the apparatus. A much more complicated analysis 

of the power system and the performance of its component 

parts may be obtained from the results of the analogue 

computer study than by the actual system data and operating 

reports. 

1.3 KE1HODS OF SIMULATION 

The following methods are chiefly used in solutionn 

of the power system problems. 

1.3.1 NET 	AITS R 

The network analyser provides an useful .means for 

carrying out the load flow studies of complicated power 

systems. it provides faster solution of adequate accuracy 

in the analysis of the problem. In the normal operations 

of the system periodical checks are made which have shown 

important changes to be made in the system owing to the 

growth of loads . These checks also give same explanation 

for the unusual happenings in the normal operation of the 

poorer system. 

The following is the brief description of the compo.. 

nents and the operation of the network analyser. 

(i) The ~G eenerat ori inits 

The generators are represented by a variable a.c. 

voltage where phase shift can also be adjusted.. A phase 

shifter and a single phase induction regulator are used In 

each generator unit. In addition to these there is a variable 

inductance and resistance to represent the generator imped-

ance. The voltage used is usually of 400 c/a frequency or 



even higher i6 I so as to reduce the size of the inductors. 

(ii) j4pe Ixçe nto 

These units consist of variable resistors and reac.~. 
tore connected in series for representing the transmission 
lines. Shunt capacitors are also provided for representing 

the is and T equivalent circuit of long lines. 

(iii) load Sl_ ilrrd IY a i1nits~ 

These consists of variable resistors and reactors 
which are connected in either series or parallel combira 
tions. These units differ from the line impedance units 
because of their high value of impedance 

(iv) pacjt~ ttnit, e r r♦rnr 

The variable capacitors are used to represent line 

capacity, synchronous condenser and negative reactance 

occurring in the equivalent circuit of the multi-winding 

transformers. 

(v) Auto Tsf ormer Units 

These are used to step up or step down the voltages 
at desired points in the network. 

(vi) SI. '-transformer .Units 

These are used for simulating the mutual coupling 
between the various circuit and consists of 1:1 ratio 
transformers.  

(vii) nenj 

Electronic instruments are used for measuring volt. 

age current power and reactive power at various points in 

T 



the system. 

The principle studies that, can be carried out on the 

network analyser are as follows:,. 

(a) Voltage regulation and load flow studies for 

normal and emergency operation. 

(b) Short circuit studies to determine the .circuit .- 

breaker capacity. 

(c) Steady state and transient stability studies for 

determinin,g power limits of the transmission lines. 

The solution of these problems to carried in the foll.. 

owing steps, 

(1) Assembling and organising the data of the power 

system.. 

(2) Conversion of these data to base values suitable 

for being used with the calculator voltages currents and 

impedances. 

(3) Setting of the scaled data and adjusting the loads 

and the generator outputs in accordance with the requirements 

of the problem, 

(4) Metering the network for getting the records # such 

as voltage current#  phase angle, watts and vara. 

(5) Reconverting the values so obtained from base to 

system values. 

The calculator is capable of giving direct records 

for the solution of the problem like short circuit and load 

flow studies simply by converting the values into system 

10 



values. Trans lent stability study can be had by taking 

': tep.,by-Step' records. The calculator is capable 

of providing electrical conditions in each step, thus 

not only saving the time of lengthy calculations but also 

permit ing the so lut i. on of the mmult i-machine problems. 

1.3.2  C!ANICAL. MODEL SIMULATOR 

In recent years small scales machines have been 

developed 191  for representing the synchronous machine to 

a microscale. Such model machines have shown their per 

formance s imi liar to that of synchronous machine and have 
their outputs of the order of 2O.-25 kw and operate at 

voltages 220...400 volts. ' Transmission lines are represented 

in miniature form. 

Such models have proved useful for the following, 

(a) To check the basic theoretical assumptions, 

(b) To check the accuracy of the formula used in 

the calculat ions. 

(c) To test the operationn of an 'installation under 

critical conditions. 

(d) To study the general behaviour of the system 

when the parameters are subjected to changes, 

(e) To study the electromagnetic and electro..mech.. 

ani cal and wave propagation transients associated with 

the induced overvoltage and lightning surges on the line. 

These models when applied to the analysis of the 

operation of the power system give information which is 

useful for the design and operation of the system as a 



whole and of its component parts. These are also useful 

in optirmigiing the design and operating conditions of a 

given system and to devise means for its proper control. 

1,3.3 'SHE DIGITAL  _CM11  OMPti1  } 

The digital computer has become a powerful tool in 

the solution of the power system problems. The inadequacy 

of representing some of the components of the power eye . 

tem on network analyser is fulfilled by this computer. 

In making use of this computer for the power flow 

studies, a specified power input and voltage magnitude of 

real and reactive power Is applied at the terminals of 

passive networks. The solution so obtained provides comp.. 

lets input and voltage informat ion at the termin ►ls and 

power flow in each branch of the network. 

In preparing table for the load flow studies care 

should be taken so that, 

(1) The algebraic eum of the components of flow at 

each junction of the network be zero. 

(2) The algebraic sum of the voltage drop around 

each closed loop path of the network be zero.  

Far carrying analysis following information must be 

gathered. 

(1) Configuration of the network, 

(2) Impedances and suspectances of various network 

elements. 

(3) Power and reactive demand at all load buses. 



(4) Power and reactive output of all generators 

except the swing generator. 

(5) Voltage and phase angle ratio of all trans.. 

formers. 

(6) Volt age and phase angle at one bus in the net-
work this can be the reference bus. 

Results obtained f om the computer are as follows:— 

(1) Power and reactive flow at each end of line 

elements. 

(2) Voltage and phase angle at all buses.  

(3) Power and reactive power loading of the swing 

generator. 

For a large class of power flow studies associated 

with the planning and system extension., the network anal. 

yser can provide the solution of adequate accuracy, but 

for problems like calculation of losses and other problems 

where the analyser fails to provide the solution of desired 

accuracy, digital computer is used-.. 

For stability studies, various techniques have been 

used on the digital computer. The digital computer consti.. 

tutee a very versatile, flexible and economical totl for the 

analysis of the problems of the power system. 

1.3.4  THE . ANALO UZ OOMP 'R 

In the past utility companies have been working use 

of network analyser and digital computer for solving the 
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engineering problems. For the solution of many of the 

problem network analyser gave lengthy and tedious solut. 
ions and hence digital computer became more popular as 

this could be bought or •rented for use. Perhaps this was 

so because the analogue computer techniques were. still 

under development. The new techniques of the analogue 

computer are now fully developed and are finding the it 

best use in engineering research. 

Modern computing devices can be mainly divided into 

two categories (a) Digital, (b) Analogue. The digital 

computers are basically designed to perform arithmetic 

calculations at a very fast rate while the analogue comp.. 

uter offers close physical resemblance with the actual eye, 

tem. Each one is having its definite advantage and its 

field of application. The biggest advantage of the digital 
computer being that it can provide solution at very fast 
rate and is capable of handling large amounts of data 
aimult ane oualy. The disadvantage of this computer is owing 
of its workbag with numerical equations, which may in some 
case be a handicap. For example, in problems where the 
effect of variation of system parameters on the perfor.. 
manes of. the system is to be studied, such as the effect 

of varying the cross...eection of the line conductors during 
load flow studies the coefficient of potentiometer settings 
in the analogue computer set..up can be simple changed while 

in the case of digital computer it may be necessary to 
recompute several matrices, 

14 



In the aircraft industry where most of the work is 

carried out with the help of computers, analogue computers 

are made use of for finding the approximate solution of 

the problems and digital computers are used for finding the 

solutions of the required accuracy. 

In making use of this computer to power system prob.. 

lems the performance equation for each component of the 

system are framed and suitable analogue set, up are arranged 

for these equations with the help of operational amplifiers 

which provide summation integration# multiplication and 

division operations, 

i.3. s 1 	Cts I 13 C.£ e~yrE 
fYYM iYiWWrrW 	 MIIwiI~11Y W 	 HIM 

This computer consists of a combination of the analogue 

computer of the d.c. electronic type and the a.e. network 

analyser. In making use of this computer for the power system 

problem we proceed as follows. 

The performance equation for the synchronous machine, 

the voltage regulator and the governor are represented on 

the analogue computer with the help of operational amplifiers 

multiplifers and coefficient setting pots, Initial conditions 

for the various amplifiers are calculated either by hand cal. 

culations or with the help of digital computers. 

The network analyser is used for representing the trans. 

mission line by its equivalent T or n circuit. In the 

representation of tranexission systems assumptions are made 

for neglecting the magnetizing currents, iron losses and phase 

15 
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shifts .n transformers. 

For representing the faults on the power system the 

sequence networks are formed on the analyser and connected 

with the help of high speed relays. The operation of these 

relays is controlled at preselected timing depending upon 

the spe cif is problem. 

In order to couple the analogue computer which is of 

d.e*  type with the network analyser which is of a.c. type 

a converter unit is teed. A block diagram of such a conver-

ter unit is shown In Bg. 1.31. 

This type of computer combines the advqntages of the 

network analyser and the flexibility of the analogue 

computer. 

16 
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1.4  SYSTEM C NSIDERED 

The system consists of a synchronous generator 
having an Induction motor load at its terminals and is 

connected to an infinite busbar through a double circuit 

transmission line terminating at each end with 611, 

transformer. The side of the transformer is connected 

on the generator aide and the Y aide, which is solidly 
earthed is on the line side. The synchronous machine is 

provided with a fast acting automatic voltage regulator, 

an angle regulator, and a fast acting governer. 

The parameter chosen for the synchronous machine, 

the voltage regulator and the goverher are listed in 

Table 1. 
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Xd 	*1.2 xq 	a 0.8 

Xafd. " 1.0 Xakq  

X d a 1.0 X q = 0.8 

XFfd = 1.1  rkq °° 0,04 

x1.0 r 	*0.01 

rkd 0• 02 3r fd  0.0011 

Kr *30 0g * 20 

Author' a A o 	t 	ro 
and assumA ions made 

1 = 0.5 sec. 

2 0.05 see. 

3 = 0.3 see. 

4 = 4.1 .see. 

5 C 0.5 sec. 

R, a 4.05 limn 

= j0.2 /line 

In s mulating the power system described in 

section 2.1, the synchronous machine is represented 



by the operational form of Park's equations. The Park's 
equations are written only for the positive sequence 
components of the voltages, currents and flux linkages. 
The set-up simulating these equation is capable of 
computing the positive sequence torque, current and volt-
age at any instant. The negative sequence torque is 
computed separately and Is assumed to be constant during 
the transient process. This is only an approximation f ori 

. actually, the negative sequence torque does very during 
the transient period. However# as the negative sequence 
current flows only for the short duration of the fault, 
and the decrement in the negative sequence current is 
smell, this assumption does not introduce any significant 
error In the study. On the other hand, it simplifies the 
representation considerably. 

The equations of the machine, the voltage regul. 
ator and the governer are written in a form most suitable 
for simulation on the computer. 

The transmission line is represented by its equi.~ 
-valont it circuit. The equations are derived relating 
the d.~ and q..axis co 'penente of the voltages and currents 
at the two ends (Chapter 5). The author has suggested a 
simple and an efficient way of representing the faults 
in the system. Hence, studies can be made for various 
values of the fault clearing time. 

The induction motor load is treated in a simplified  
way. Instead of the conventional method of applying the 



a4~»O transformation to the phase quantities 11' 1 and 
coznprating the torque output In terms of the a,3 currents 
and volt ages 0 the induction motor is represented by its 
positive and negtive sequence equivalent circuits. The 

positive and negative sequence torques are computed from 

the values of the positive and negative sequence voltages 
at the terminals of the machine. In this analysis the 
assumption that the electromechanical transient in the 
motor is much slower than the electrical transients, is 
mulicit. For large loads this assumption is quite justi, . 

Lied, The positive sequence voltages Rt the terminals of 
the machine is available from the computer set-up of the 
synchronous ous r ach ane as Y® 	• The negative sequence 

d q 
voltage is calculated from the sequence diagram. A computer 
eet..up is arranged to compute the torques and use these in 
the equation of motion of the motor to compute the slip. 
This to explained in detail in section 

The following assumptions are made while deriving 
the equations of the synchronous machine. 

i 	ilyotresia and eddy current looses are negligible. 
h. 	Airgap flux is sinnusoidally distributed in space. 
The distribution of windings in synchronous machine is such 
as to minimise harmonica as far as possible. The performance 
test conducted on some of the machines have justifiedthis 

assumption, with analytical calculations. 

3. 	Armature resistance is neglected, as this being small 

compared with reactance of the machine. 
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4. 	D. C, component of fault current is neglected, 

the occurrence of this component being of very ahnrt 

duration. 

p' d' plg t PidvPiq# pod,Peq*Pa terms are neglected. 

Voltages induced in the armature by rate of 

change of armature flux lirkgges are negligible compared 

riitb the voltages generated by these fluxes rotating at 

fundamental speed. 

6. Line Impedance is assumed in lumped form.. 

7. The transformer magnetising current, losses and 

phase shift are neglected. 

8. Voltage regulator is an anplidyne and voltage regul-

ator is roaponcive to positive sequence terminal voltage 

only. 

9. Amplidyno feeds to the field of the main exciter. 

10. T ogative sequence torque remains constant during tra-
nsient disturbances. 

11. Torque speed characteristic of the turbine is linear 
under eteadyatato and transient conditions. 
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2*1 EUATIO !OP  I1  	OO VS XAOHIN~ 

With the usual aesumpt ions made during the analysis 
of the synchronous maohinf l'2 ' the voltage equations for 
the phases a,b,a the field and damper windings can be 
written an, 

!0 Ile Ptd w.r ,c. 
, f4* o*fid red "d 
Ne 0 - V' 	d + rkd tkd 
O 	7 C * P* 	. + rkq tkq 

The sign co antions used In equation (2.11) are the 
same as used by Concordia i.e. generating action to oonai.. 
dared positive end motoring action to considered negative.. 

Pollowing Park's tranofornation h1O I of the phas 
quantities,, which is defined by the transformation satrix 

+2,/3 cove +2/l coo (e-120) +2/3 coo (o+120 ) j  

►l. o 	' 	-P., 3 
 

sinG x-2/3 stn(G-.12 ) ./3 ein(e+1^0) 
+1/3 	+1/s 	+ ,i 

(2.12) 

the voltage* + a, •b„ ao the flux linkages to Vag '!ho #c 
and the currents ia• £b,, to are transformed into #d *q Oct 
#4 *q to 	+ id 1q lo. 



4f w 

Thsrsf Ore! 

td 	 Is' 

L 'C 

'"a..o • 	 *. (p33) 

0 

is  

The inverse trsneforat ion is done by the 
 

whieb Is 

ii 

[Tdoq.014' 
 *08 (0 2) --sin(o 426) s 
[ae (O+120) ..ain ((+1 O) I 

Therefore„ 

•# 	 •d  

CC 	 00 	 etc. 

.. (2.14) 

USIng equation (2.11), the transformation gt n in 



equation (x.13) and the per unit system, the following  
fquaticna are derived# 

Vd * -*d id t Zafd tfd + d ikd 
q 

* fd ' -xafd id + Y-.'fd ifd + Zf rd tltd  
Vlcd ` ' a td id + X 	Sfd + X 	i 
Vkq * .Xakq tq + Xkkq 

0 

	

d P14 	rid 
eq 	q + 4d `f 	r'jq 

Using the last three equations of the sat (1i),  

the rotor omenta id i i 	are eliminated in the 
first three equations of the net (.i8). hence, 

I 4 	124 ( 	Id + G 	~f+ 

q '* "IXq (p) iq 
	 (2.1'x"̀  Y 

'o a 

where s4 (p) Zq (p) are operational Impedance* and G(,) ) 

3s the field operator'. 

Oonsid,rtng one dampen circuit In each axis, 

a" da""tlaid 	drld 

	

7(x1 	 )+p drf+xtfd  

2,,3 



xd (p) *! z-. 

pg alldxatd'. 	d ►i 	d' 	d~a 3.d ~ P 	drib a1drfd ) 
(X11d'ftd" t1d ) ' (z idrld"Ixtf+ z'id ) 1drfd 

F 
zq(p) "aq"` 	3~ t 	

38) 

The electrical torque of tie machine to given by 

T, a' d q » Vqi~ 

Equation (2.19) is valid mer the traneient oondt.0 
tuna also and this equation is used In the stability 
analysis of the mach 

Oonaidering the negative bequence equivalent of the 
Machine 141 the ne at i. sequence torquer can be written ae 

6. (2.20) 

Phs negative sign on the right hand side iftoatas 

that it is a 'raking torque, As explained In section 1.4, 
the d..q. o axis transformation is done only for the positive 
Siquence component of th. voltages and the current e. ifance, 
•a I and to given In set (2. td) are zero, The negative 

Sequence and sacra sequence currents and voltage are oonst-
dared separately, The zero sequence current produces no 
torque, The torque produced by y the negative sequenc, current, 
given by eq. (2.20), will be present only for the duration of 
the f*ult, after which the set,-up representing the torque is 



disconnected from the coap]ate analogue set..up. As 
e y *zplsined, this torque it As ad constant during 

the fault and esro after the fault in cleared, 

$uariein the equatio which oo*pletely reprs40 
sent the aichine mer the isu*pt ion made in section i.4, 
are as lore. 

i q n xq(p) q 

sq. * V4 

ap 

.4r2  

t ► S  

~ .fit.~,3 	~.. ~ , 
	

~ 	.t~~ 	~ ; ~,• 	~. ~ 	w ,. •', 

The equations given in set (2321) are to be Edi t. 
ate8 on the coaputer. The ewe Lon for zd (p ), 9 (p ) 

p) are written in a form suItable for siwulat ion as 
ffoUows,  

S. 

xd(p) • , 	
(l+T0p)(i+T0p) 

xq(p) - zq 	 .. 

iJo 

(1 d,0p)(1+T 0p) 
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waw the ve3iiea for Us time constants Td 'fid '7do "q 

! 	d 

 
end K re detoralned from the data of Table I 

ae is shown in Appendix I. 

In appdx It thef ex ss ton forxd (p) xq (p ) end 

0(p) a" derived as foUo rs. 

where A5 A5 anti A are constants, The nunerioak e1uee of 
the$* constant have been calculated by equatt 	(a.240) 
ant (s...2.41) of appendix 2, as 

0!209 
!, 0..064 

0.145 

Substitutinghese valued in the exprees on forxd(p)  

Q 	' ~ . 	+ 0.209 	 *1 (2,23) 

Also from Appendix (2 )  

	

[A 	Agi 
( .nop) 

where A a A;Ag &re constants. The numerical vatuca for 
these constant have boon catouleted In eq. (ø.242) of 
Appendix  0. 

Ag 'MO.004 
1 "910 

2 



Substituting these values in the above expreoo ton. 

0(p) ' 	+3« p " tTC1, .9A 910 	.« (2.24) 

So complete expression for JFd mar be written as 

Id = ..x6 (p) L + G (p) 5f8 

where,, 

8 

or 	
i 	1. "0 	fl .2091 + 	a 
+3.~6p d 	+ ,g 9p ~. 

.. 

From eq. (2.21) 

Vq ' .xq(p) tq 

Substituting for xq(p) as derived in Appendix 2 

a 1" —.. + A10 Xqiq  

qo 

where Ado an calculated by eq. (a..2.44) of Appendix 2. 

A10 0 0.437 
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Subet ituting in the above expression for 4q  
©.45. 

q*.. 	+0.163p .• 0.35 iq 	 .. (2.26) 

Analogue setup representing eq. (2.25), (2.26) and last 

four equation of ' ®et (2.21) are shown in Pig. 2.22 and 

2,23 respectively. 

SATWtAT ION IN SSYN RONOUS MAO - 
There are two methods of considering saturation in 

the synchronous machine. 

1. The saturation of armature teeth causes the air gap 

flux and the mutual flux linkage to be reduced by a factor 

K, but the armature and rotor leakage reactances are not 

effected by saturation. 

2. That both the air gap flux linkage and the leakage 

reactances are effected by saturation so that total flux 

linkage of all the direct axis circuits are reduced by a 

common fraction kd  of their unsaturated value and the 

flux linkage of the quadrature axis circuits  are reduced 

by a common factor 1. of their unsaturated value. 

In fact the leakage reactances do saturate but to 

a lesser extent so that the first assumption gives a 

pessimistic eeti ate of the flux linkage while the second 

to optimistic. 

In this analysis the saturation in the quadrature 

axis is neglected. Hence#  only the direct axis flux linkage 

2Q 



I2 

P2 J 

9-'d 

if 

I'L/NC7/ON GéNEl~QT4l' $/4f ,17/N6 71r/0N 

/"/G. 2.24 



Id  has to be considered for saturation. The saturated 

value of Id is related to unsaturated value by the 

saturation curve shown in fig. P.M. Hence, to connect 

value of Id, the, diode function generator shown in 

Fig. 2.24 in connected at the output of the set..up 

shown in fig. 2.21. 

The operation of the function generator circuit 

is explained as follows. The diodes offer very high 

resistance so long as input voltage representing Id  
is less than the any of the bias voltage B or B2, 

When the applied voltage representing 4T becomes 

more than the bias voltage the diode offers very 

low resistance and current flows through the resist. 

ance Ri and R2. The break point B, and B2 occur when 

the output voltage of the function generator is equal 

to one of the bias volt age . The resistance A is 

equal to the parallel combination of 	and Rio 
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S LA.T ION OF THE V0I'AQR A Tk THE ANGLE REGULATOR 

3,l THE VOLTAGE REGULA' 4R 

The excitation system of the synchronous machine 

plays Important part during the transient disturbance in 
the power system. By improving the excitation system of 
the machine considerable Improvement can be made in the 
stability limit of the machine !i21. A great deal of liter-
ature has been published on the design of voltage regui~- 
ator and their influence on the stability limits. Improve-
ment in the excitation system can be achieved by providing 
the exciter with, 

Quick response i.e. high rate of build up and 
high ceiling voltage. 

2) Past acting automatic voltage regulator. 

The exciter response is defined as the rate of build. 
up or build down of the main exciter voltage when a change 
In this voltage is required by the action of the voltage 

regulator. The ceiling voltage of the exciter varies thr-
ough quite a range depending upon the particular design. 
Usually the ceiling voltage is 507 more than the normal 
exciter voltage for the rated maximum load 

A voltage regulator is a device which when used with 
the synchronous machine increases or decreases the exc it-
at ion of the machine as the terminal voltage of the 
machine decreases or increases. 

Voltage regulators are mainly divided into 

30 



(a) Electromechanical voltage regulator, 

(b) Static voltage Regulator 

Electromechanical type include, 

(a) Vibrating Contpct TvDe Voltage ie m l 

These employ continuously vibrating contacts 

which alternatively insert and short circuit sections of 

the exciter field resistance; the opening ó.nd closing 

operation being controlled by a beam. 

(1) 	a gt be.ni 	atp  

In this type of regulator the voltage sensitive 

element is an eleetromag st the armature of Which is bale» 

anted against a spring. The resistance element which is in 

the exciter field circuit to cox neetMd direct "l r to the 

armature and forme a part of the regulator assembly. 

As the control voltage changes the armature •than.. 

gee its position and adjust the resistence element in such 

a way so as to restore the controlled position. 

The voltage sensitive element of thip regulator 

Is a polyphase torque motor with, a phase wound stator and 

a squire , cage rotor. The torque Is proportional to the 

approximate average of the three phase voltages. The torque 

of the motor being balance against the u11 of a helical 

31 



spring, so that for each value of the voltage there is 

a particular position.  

St at cp+ olt a t . R l 

) Ji edenc..,. Y.M. res mlat g ` .r, 

It consists of linear and n©n..linear impeda.» 

noes. The three phase voltage is connected Into single 

phase and applied to linear and non-linear impedances. 

if the phases are balanced then equal current passes 

through linear and hon-linear elements and if unbalanced 

then different current flows in linear and non-linear 

impedances. The di Terence of two currents is applied to 

the control field win age to obtain the control voltage 

of its previous value., 

(ii)i"~~t~ gar Tv_t e n tame . Reala.tor 

Voltage regulators using magnet is amplifiers 
are developed which can serve the purpose of voltcge sen,.. 
sing and power amplification. 

(l ii) 	troi -TUg Volta - Re a 

These can be used with rotating amplifiers In 
an excitation system with rotating excitez or directly 
with an electronic exciter to control the grids of the 
firing tubes which In turn control the firing point of 
the main mer tubes. 

In general static regulators are better as the.-
Be can provide faster and accurate control of generator 
exciters. In the analysis to follow amplidyne voltage 



regulator Is considered the operation of which can be 

explained as follows' 

The terminal voltage of the synchronous wachins Is 
- 

tapped and applied to a poteuttal tr r 	r, the output 

of which is connected to a rectifier unit. The output of 

the rectifier unit is sppltvd to the eomparator unit* The 

comparator unit cot pares the Voltage received with the 
reference voltage and gives an output so the difference 
of the two volt o. The oo~psrstor unit may be of the stn. 
linear bridge type which re uires no separate referee 
voltage, a egnetic amplifier type error detector which 
provides *wpliticstiott as well or an electrode circuit 
using a zero diode or a ''!fit tube which eu piles the refs 

*no* volt. The error signal so obtained is applied to 

the control winding of the smplidyne. This voltage produces 

a flux which acts in a direction opposite to that produced 

in the refrence winding. The difference of the two fluxes 
links with the short circuited winding 	 the smplid 
and induces some voltage in it. Stnee the impedance of the 
short a ire iter winding in sial l hence a heavy current 
flown which produces the flux of c, ns id a able aagnitud* 
which. when linked with the output winding produces a volt. 
age of a value equal to Kg times the Input voltage to the 

machinewhere K is the voltage gain of the esplifier, 
This output voltage is applied across the field of the exc .- 

icer the output of which controls the excitation of the field 

winding of the synchronous a c no. h s# any deviation in 

33 



CO, l.PA 4 -
7c.P 

-41P'PL/D ',VE VOL Z4 E PEUL.4 TO,P 

1'/a, 3-Il 

eel 

A~va~oG 5/7L/ 	VOL: 7166 , ?f6 Y2d7O%' 

/;'6. 3.12 



a 
pji 

the output vo]tags of the maeh nn Is conveyed to the ixci-- 
ter which adjusts the exaltation accordingly and tries to 

maintain constant voltage at the terminals of the machine. 

An expression for the Input and output of the ampli- 
dyne is deriyed as foUowe l t . 

An shown In fig. (3.11), 

ec #  ~ VC 

VT  

From equation of set (3.11)  

The equation (5.12) cart be written 

1, P, 	# 	+  

., (3.lx) 
where, 	 2 

2T 	 .. (3.14) 
Ar2 

2 

Plgure (3.12) shows analogue set-up representing 
equation (s43). 



The parameters to be opt iaieed in the above equat.~ 
ions are ;fir the regulator gain and T the t ime 

constant of the control field winding, These parameters 

can be opt imiee4 simply by changing the eoe ` 'ieieht Al 

A2 A3 and studying the effect of their variations. The 

t ;gee of variation of those parameters are as follows 

(1) Regulator gain K. values from 30 to 40 in 

steps of 2. 

(2) P3 the time constant of the control field wind. 

ing varies from 0,2 to 0.4 seconds in steps of 0.1 second. 

..The table to,. 3 - gives the values of 	Ari 42 and 
A 	for various values of Kr and 	T . 

3,2 

It is a device which when used with the synchron. 
flus machine acts as a regulator for varying the exeitat-
ien of the m ,eh ,ne . When the load changes in the system 
oo ur, the angle between the rotor interpole axis and 
A synchronously rotating reference changes. The angle 

regulator tries to restore the rotor axis to Its previous 
position. The various types of angle regulator and .their 
influence on stability has been analysed by various aut. 

hors. The voltage regulators are being extensively used 

In power system and hence it becomes necessary to compare 

the action of angle regulator with that of the voltage 
regulator. 

In the normal operation  of the synchronous gen•rator 

it seems reasonable to maintain constant voltage over 
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Table 

1 30 0.2 55.5 111  

2 32 0,2 59.1 1.185 • .28.4 

3 34 0,9 62.9 1..26 40.2 

4 36 0,2 66.6 1.33 .32.0 

5 38 0,,2 70..2 1.405 -33.8 

6 40 0.2 74.0 1.48 .*35.6 

7 30 0.3 83,4 0.666 44.0 

8 32 0.3 89.0 0.71 $7.6 

9 34 0.3 94.5 0.755 «.61.2 

10 36 0,3 100.0 0,8 64.9 

11 38 0.3 105.5 0.845 -68.5 

12 40 0.3 111.0 0.89 x.72,0 

13 30 0.4 166.5 0.477 •.137.0 

14 32 0.4 178.0 0.509 -146..51 

15 34 0*4 189.0 0.54 •.155.5 
16 36 0.4 200.0 0.573 .165.0 
17 38 0.4 211,0 0.605 .174,0 
18 40 0,4 222.0 0.635 .183.0 

3 



their entire operating range rather than constant load 

angle. Thus, if the angle regulator i.e used it has to 

be biased by a voltage regulator during. its steadyetat. 

operation. The stability of regulator and the improve.. 

went in the stability limit of the system Is found .to. be 

almost of the same value 1131. 

In this the feedback signal proportional to angle 6, 

	

velocity 	and acceleration o44  of rotor is used for 

controlling the excitation of the machine. The feedback 

signal is given 'by 

Ki&6 + X2;  P6 + K36P 6 

where, 

	

gi  	K 	are constant. 

This signal to applied to the ampl,t%sane (as expis. 

mined earlier), the ou"Gput of which is connected to field 

winding of the exciter. 

Therefore, 

eta 	 + 0tdo 	3.1 
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4.1 3IUAI OP THE GO7ERINER 

Governere are used for regulating the speed of the 

prime movers of the generators i.e. the water turbines 

or steam turbines. The use of a fast acting automatic 

voltage regulator has resulted in not only an increase 

In the transient stab tUty limit but- also- an- nere a in 

the -transient .stability -limit but also an increase in the 

time after the occurrence of disturbance during which the 

governer can adjust the input power to the prime mover 

and make the difference between input and output power 

zero. Thus#  the governor plays important part in improv. 

tng the transient stability limit of the system. 

Earlier, the stability studies disregarded the acts. 

ion of the governor. The studies were based on the stab« 

ility during the first owing with constant input power aM 

the turbine assuming that if the machine is stable in the 

first swing it will be stable in subsequent swings too. 

However, such an assumption is not always ,Justified. as 

the governor mechanism e1 the turbine itself offer a 

certain time delay in their response. with the develop. 

meat of fact acting overners with a small dead. band, the 

performance of the turbine and the governor necessitate 

a rigorous treatment. 

This section suggests a method of simulating the 

governer with its time constants and the turbine on the 

analogue computer. As was stated In section 1.4, the 

turbine characteristic is considered linear*. 
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Governors are slow in action because of the time lag 

introduced in the movement of mechanical parts. 

A typical governor used with a steam turbine is 

shown in the fig.. (4.1i,) h151 . The complete system can be 

subdivided into four parts.. 

(a) A. mechanism which detects the speed change, 

(b) A mechanism for transfer the change in the 
speed to the throttle valve mechenismfi  

(c) A mechanism for controlling the Input to the 
turbine, 

(d) A turbine responding to change In its input 
conditions by a change of speed. 	. 

Governer is connected to a shaft running at about 

one fifth of speed of the prime mover. A pump provides 

a constant high pressure oil source at A and this oil 

passes through the adjustable part B,, to the drain. When 

the speed changes, *  the actuating mechanism either opens 

or obese the drain port for increased or reduced speed 

respectively and therefore the pressure across the pilot 

piston D changes. The throttle valve mechanism operated 

by D then reduces or increases the steam input to the 

turbine and thuo the shaft speed is either reduced or 

increased. A time delay is introduced firstly because of 

the length of the connecting pipe between actuating and 

valve mechanism and secondly because of the servo-.syster. 

Hence, while considering the performance of the governor 

3 9 



two time constants are taken into account. 

It ¶4 0 Time constant of oil servo system, 

Ts ffi Time constant of actuating mechanism 
and valve. 

Assuming a velocity governer, 

G PI '"j 	fo 	g 	 .. 
(1+PT4) (1+1 ' 

Where, 

TIO Input power during steadyr 'state,  

T1 =, Input power during, transient state. 

let' 
4 

* , 4 

Solving A4 aid Lb In terms of P4, Tr) and Gg where 

C# T 
A4 	

I
T,...T j 

Lb 	
(T4—T5 ) 

Substituting the v,-lues from table 1, 

. (4.13) 

., (4..l4) 

So equation (4.11) reduces to 

Ti Tio 	L1~p) 	 P6 	,$0 (4.15) 

The parameter to be optimized. in equation (4.11) Is 

the governer gain. Table 4 shows the optimization scheme 
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for the governor. ?1g. 4.12 shows the analogue simulation 

for the equation (4.15) where, 

R404  0.1 	 =00.5 

41 
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1.  20 ..5.0 21.0 
2.  22 ..5.6  
3.  24 —6.0 30.0 
4.  26 .6.5 32.5 
5, 28 7.0 35.0 
6. 30 ..7.5 37.5 

4*2 AI! I) 

The 'dead..band ` applied to the governor me ns the 

region in which the governor is insensitive. BeoU8e of 

the friction of the moving parts and the time lag the 

governor cannot respond to very small changes In the 

opeed. The dead..benn of the governor may be if or so. In 

order to take account of this a diode function generator 

is used as shown in the fig. (4.13). This function 

generator is connected at the Input point of the governor 

set-up,. The characteristic of the function generator is 

also shown in the figure. 
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5.1 S IMU LLT ION OP TRANS MISS ION IDIS 

The transmission line is represented by a it 
v 

network as shown in Fig. (5.1) 

e tafld vh represent the machine terminal volt« 

age (positive sequence) and the buebar voltage. Hence, 

of 	et{.. -rbI  
mix 011 	z121012 

1eferr.ing is et and vb to the direct axis and 

quadrature axis of the rotor of the machine we have from 

equation (5.1), 

d g 	000 011 
L 1z11T 

00801 21 
Tl Jed 

a 
 

'1t 
sn91.n$y 

~ 	
eq 

008012 	s ' 12 
.0 (5.2) 

iq cos+@., # oa$81 Pjeq 	s inG1 
+ 

sine 	
e'1 

008012 	a ina1 

Equations (5.2) and (5.3) represent the steady state 

relations between id, .q, ed * e, , Td and vq. 

The relations are obtained only after neglecting 
did di  ded de dv  dv 

terms containing dt ' d- • d 	d d 	and s 

in comparison with terms containing grid, riq, wed, Wq 

wvd and Wvq. 

During the unfaulted condition ei1 z22 CO as the 



line to ropoentod by its Berton impedance only (4 

long line can also be repreeented, in vhieh case z1i, 

022 viiil be finite and equal to 

43 

2 

V7 " 

tsho re, 

a total eerier Impedance, 

1 total 11hixnt ipedzrnce, 

012 titll then be equal to the total aerioe 

Ipada noe b t oon the generator bue and the infinite 
buff. 

Under fault conditions the values of 	i  and 

022 can be calculated from the eaquonee diagram arx 

ohc n in f tc, (5,2) there o doper do upon the type of 
fault, as t oven in the Poll ming table. 

type ' tit fault 	Of 

»f 	 +Z0 

02. 

+00 

30 fault 	0 

there, o and 8Q  are the total negative sequence and. 

oero Gequence tmpedance bo teen the fault point and the 
neutral 

Af tot' the fault is cleared by the operation of the 

proper circuit breakers #  911,z1,.o 2  will attain ner7 values. 



44 
In appendix 3 the values of s1, ' f.2 # 022 are 

cleared f©r the faulted, unfaulted and the .fault..cleared 
conditions. ' heee value, are tabulated below * 

Type of fault 4 ' 	Z22 2 

Prefauit " 0.331185.2:' 

During fault 
(i) LG 0.4O518 0.821$ 0.40185.6° 

(ii) X.L O. P94 	? ° 0.59181.45i 0. 	Imo. 
iii) LLdIG 0.17118_21,Q0 0.3451  0.72 i 1 

(iv) 3 	fault 0.1 	e 0.2021..,2 'a 

Poet f au lt 0.4031 8.~ . 9 

The equation (3.2) and (5.3 )can be written ae 

	

id led+I eq K3vd_K4vq 	 .. (5.4 )  

	

eq K5e(*K7vq+K8''d 	 .. 
where the conet ant s is K2 .... ' are calculated in Appendix 3, 
and given in the table below. 

Ty 	ofu1t KK 48 

3.32 0.274 0.274 3.32 Pre.4auit 

During fault 
1) L,G 4.96 0.2375 0.192 2.18 

ii) IL 5.58 0.345 0.163 2,10 
iii) L .L..G 7.22 0.146 0.103 1437 
iyj3øu1 10 0 o v 

?ont •fault 2,46 0.306 0.306 2.46 
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Equations (5.4) ard (5,5) are represented on 	'# 

the analogue computer as shorn in fig. (5.3) 

5.2  FAUL'P REPR] SENTATION 

For simulating the fault on the transmission line, 

impedances saki' ft2 and 222. have to be changed twice , 

firstly, on the occurrence of the fault and secondly 

on the clearance of the fault by the opening. of the 

circuit breakers. Evidently the line impedances have to 

be changed within a period depending upon the fault.. 

clearing time. 

One tray of tackling this problem could be 

1. To set the gain of amplifiers numbered P6 to 33 for 

steady. tate value and record the voltage, current and 

power at the terminal of the machine. 

P. Stop the computer and set the gain of amplifiers 

numbered 26 to 33 to faulted value and adjust the bus 

voltage and input torque till the conditions achieved 

are the same as that obtained at the end of prefault 

case. Run the computer for 1 or 2 secs and record the 

quantities for the faulted cases. 

3. Stop the computer and change the gain of amplifier 

numbered 26-33 for post fault case and readjust the 

bulbar voltage and the input torque till the conditions 

achieved in the circuit are just the some as that obta-. 

ined at the and of faulted case for a particular ducat-

ion of the fault and record the desired quantities. 
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The procedure described above seems to be lengthy 

and time consuming. To the author's mind this could best 

be achieved by making use of relays providinda large 
number of contacts whereby the operation of the relay 

changes the rains of the amplifiers numbered 26 to 33. 

To represent the fault and its subsequent clearing 

he values of Ki, K2 ... K,g have to be changed twice. 

This change is brought about by changing the gains of 

the amplifiers numbered 26 to 33 by connecting extra 

resistance in the feedback loop and at the input path 

of the amplifier as shown in fig. (5.4) . The contacts 

al, a2 ... a8 and bl, b2  ..... b a, are the contacts of 

the relays A and 8. The relay 83 is operated by a time 

delay circuit shown in fig. (5.5). The contacts b, b2. ..b?  
close after a predetermIned time after the al , a2. ! . a8 
contacts close. The operation of relay A is done manually. 

As no time scaling Is done on the computer, the 

computer time represents the real time. Here the time deli. 

ay in the closing of contacts b1, b2 ..; b7 ie. made equal 

to the time of clearing of the fault. Hence, the effect 

of fault clep,ring time can be easily studied by changing 
the settings of the time delay circuit resistance R. 

The final set-up representing the line and the 

fault is shown. in fig. (5.4). The value of the resiotan,. 

+yes to be connected by the contacts a1,a2 ... a8  and 

bl t  b ... b7 are calculated in Appendix 3. 



Calculat ion for the N'e tire 

As the negative sequence current in the machine 

in aesuasd conetout during the fault, It is necessary 

to calculate the initial value of the negative sequence 
ft 

currentgfor this the machine is represented by and  and 

B( transient voltage behind x) . The negative sequ. 

once current Is calculated from the sequence diagram. 

The negative sequence torque is represented by a 

constant voltage on the computer, 
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8,  SIMULA' ION OP LOAD (INDUCTION MOTOR) 

Various methods 1161  have been used for deter.. 

mining the transient performance of induction motor. 

Analogue simulation h l'4  I Is most suitable for carrying 

the study of any transient and unbalanced operation of 

the motor. Following assumptions are made in represent-

ing the motor on the computer. 

1. Friction and windage losses are negligible. 

2. Eddy current and hystresie losses are 
neglected. 

3 Saturation in the motor Is neglected. 
4. Parameters are assumed to have constant 

value for a .l conditions. 
15. Magnetizing reactance X,, is neglected. 
6. Rotor has the some number of turns as the 

stator or has been reduced to the equivalent 
so that the rotor constants, currents and 
voltages may be expressed on the same basis 
as the stator. 

7. As was pointed out in section 4, the posi-
tive and negative sequence torques are caloes. 
ulated from the equivalent circuits. Hence, 
it Is assumed that the electrical transient 
in this machine are much faster than the 
elects-mechanical transients which change 
the slip. 

The positive sequence torque for the motor to 

derived from the equivalentcircuit shown in Sig. (6.1).A 

4U 
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From the equivalent circuit the terminal voltage 

et = 991+ (Re+i Xe )lei 	 .. "(6.1) 

The voltage induced in rotor, 

aEgi a (Rr+JsXr )Iri 

or 	Bg1 ~` (R + ee Rr+JXr)Xr1 	.. (6.2) 

The equation is represented by the equivalent 
circuit of Pig. (6.2) where the power absorbed in Rr 
represents the 	Cu-losses of the rotor and 	Rr 
represents the power output of the motor. The equiva-
lent circuit olzown in fig. (6.18) takes the form of 
(6.1c) by neglecting the magnet icing reactance ]tom which 
is Very :high in comparison with Rr+jxr. 

The power output of the machine is given by 

and hence, the positive sequence torque output, 

1. 	 ., (6.4) 

where, K is a constant depending upon the unit employed. 

As the field prod iced by the negative sequence 
torque rotates in a direction opposite to that of the 
positive so the expression for the negative sequence 
torque is obtained by replacing a in the expression 
for positive sequence torque by (2ø). 

.' . 	Tg 	3K 	.. 	 .. (6.5) 
~-s 



The negative sequence torque will be assumed to 

remain constant during fault period 

Considering equation (6,3) 

Subet itut ing, 

[(Rr+Vz~Xer) 	
i 2 ,(+ )2jjjll2 

tRr 	-►) +tin+ ) 
2 	eg

Br p a 11f3 	
e t2 +2e % ,+8 (XI. +Xr )2  

P a 	
2  e~ 

Neglecting 02 term as It is very small 

e2 	e~ 

R+2y  

The equation for motion of the motor .can be written 

E 

3 	a I V'Tgi' g2 

Substituting Tgj from eq. (6.6) 
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2 	 e+ 2 or _wo C 	,.. 	+ T, 

	

dt 	 +2% 

rat# 

w0J C 

C2 

Above equation reduces to 

	

d~s 	d 1 	et 
..c1 [t ;t + dt] = TL 	' g2 

dt 

or 	t 4 = 	+ 	 ' ems- . 	- 2 	.. (6 . ) 
dt 	0i 02 R1 	dt 

The analogue simulation for eq.6.'7 is shown in 

fig, (6.2). In the stability study of the machine the 
slip a is applied to the recorder and the variation 
of the slip with time is recorded. If the slip increases 
upto point y as shown in fig. (6.3) and then decreases 
the machine is having its stable operation if slip goes 

on increasing upto and beyond point a then machine is 
unstable. 

The total current drawn from the synchronous machine 

is equal to the sum of line current and fault current. 
Figure 6.4 shows the analogue eet..up for adding motor 
current with line current to get total current. 
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7.2 4L G, 

Because of the limitations imposed by the elements 

of the computer for linear !operation it is necessary to 

relate the problem variable with the computer variable. Since 

the variables to each system has very real limitation on 

their possible magnitude and rate of change with respect to 

time, the corresponding variables of the system are rela 

ted by mangitude and time scale factors. This can be øxpL► 

wined as follows.. 

„ irrum Voltage m ,ta 

A well designed operational  ampl ier has a wide 

dynamic range in which the output voltage varies linear r 

with the input voltage. Because o ' the saturation in the 

amplifier the output voltage becomes non.4lnear. So the opera 

at ion of the amplifier beyond the linear range introduces 

error. 

tin 3plta _ Limit 

The range of operating amplifier should not be mo 

low that the magnitude of error voltage (random noise volt. 

age) becomes appreciable compared with the operating signal. 

21ow S ed wLtrt to ion 
YAIr•rUr/~q+iw.AfrrAilirrr 1I r rr + 

(a) 	In the problem where the variation of the actual 

quantities takes place more slowly than the computer time 

computer need to be slowed down. Since the signal voltages 

and error signals are integrated. hence, the error tends 



to build up, 

if the variation of the variables in the problem 

takes place at faster rate than the computer time, time 

lags, occur as a result of phase shift to computing ampl. 

ifier. 

So, we conclude that the voltage applied to the 

computer should beither~= be too high nor too email and 

also time scale must neither be too fast nor too slow, 

Since the frequency of the transients occurring 

in the system te e mli of the order of 2 cycles per second 
hence # time sealing is not n*oossari. 

7«2 çalift 

Assuming the computer operating voltage as iOV 

and following variations in the quantities flowing in the 
circuit 

'i 2TL 

Tia 2Tto 
Vd, d 

eq 2e 
id i Oil 
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cont Lnued 

tiT rii 
Tel 3T01  

Tot Tet 

V 1  vq  
slot  

We proceed for scaling as follows*  

+ (3. $- Id 

+ 	3p) - ([9p 
?J 

e  

s 

1 p.u. of id, = 1 volt on oornpiter,  
I p.u. of a 	2 volt on computer#  

At t * o* r p R O, For 0* 9P'5 1.0 p.u. d current 

#d -0. 4 C. Ce5 ..U,O64 .209)x1 + 2[I,004  
..fl.o44Jxd .54? 

•►O.' 4+3 . Q3 
2.316 volts 

Aleot p* Oand'tuSao 

4.2z0644+1 .54? 
0.775 

So rt  0."775 unite of Id are represented by 2.318 volts 
on computer. Hence I p.u, of d  is represented by 
0 8  • 2.99 3.O volts, 

5 



Seale for 1q  
0.45 #. 

V .  = 	 .O65 	-* .3 q  

I p.u. of 	14 	is represented. by 1 volt an the 

computer. Thus, at t = ca,p 	0 

Iq = 

 

0.45xO.?54.O,35z0,754  
a . 0.604 volts 

Therefore, 0.604 units of 	Vq 	are represented by 0.604  

volts on computer. Hence I p.u. of ted 	I volt on the 

computer. 

Scale for ed and eq  

. `» l unit of ed is represented. by ..1 volt 

on. computer, 

0q 'd 

I unit of eq  is represented by 3 volts on 

e computer. 

Seale for e. 

et"ee2 

3.15 volts 

ro t  1 unit of et  is represented by 3.15 volts on computer. 



m 
0 ,Q for 'l 	c 

?o p  tfo,tIt cavo 

c' 2:.2 
4OOP 

0', 0.090 Wit" Or L a" ro1,ocontof by CS.t vols 

on oo`i tor, 

unit of t, 1v roprocene 

»666 	fl.19 volts 

Silt otn bo c ju tod by r eInthe Coln of piitter 

17003 by a f: ctor -1 0 O.1O 1rolto, 

oto for 

'423..3 	z ($) 00  0 ! ZI+3G' 
0.048 + 003' 

f)*1p84 P.U. of Iq  roprentod by ?.138 volt 	on eoaur 

I p.s3. O ' q  to rop 	!Ontoi by 	d 	•9.8 colto0 

2)Uo cern  bo a 1 jur t 1 by rot uctr tho Colt ccroio 

th, cp1ifto.r t1o. P  by 9,5 ttcon or 0.1%. 



Scale  for T'•1 and ' eQ  

Tel = 4d'q - l4 ld 

Therefore in steady state 

3.OxG.754..x J .664 
2.26-0.664 
1.596 volts 

`+ p.u. of T01  is represented by = 1.596 volts 
1.6 volts on 

computer. 

Por p fau 1t Tee  = 0 
During fault 	= 12 

(1,075)2  (0.1) 
0.116 volts 

	

p.u. of Tei; 	01.596 volts 
0.116 p.u. of Tee  = 1.59x0.116 = 0.184 volts. 

Volta Regulator 

Al 	+ 	__A3 1 { 	) 
lam)  	t 

From the optimization table for voltage regulator in 
Chapter 4, 

At t = 

	

Maximum value of 	= 40 

Choosing 1 p.u. of Er  = 4 volts. 

e = 40 (4 . o-3.36)=40x4.85 = 34 volts. 
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?roni assumed data 
1 p.u. of e = 2 volts • 

This is adjusted by reducing the gain of amplifier No;19 

by the factor 	1. 

ScalIng for eq  

1 p d! Ti  •. Tei  . 

or p26 	r i-Tai ) 

• 6 	i(f. i .596) = 0.635 

The oscillations of the rotor angle can be expressed as 

6 go Aainwt 

. `. pS = wA si.n wli 

p8=w9Asin wt. 

where A n constant, 
w 211 
f = frequency of 

rotor angle 
oscillations 

Assuming rotor frequency of I cycle/see and A a 4 

.' . I p.u. of pd 	- - = 2.52 

p2 	= 4 n2x4 

1 P.U. of p 6 15.8 volts. 

This is adjusted by increasing the gain of ampli. 

fier No.21 by a factor ' 	° 2. 

ill„ for. Governer 

r0 [1) + 
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During optimization A4 + 1S a 30 

Also 	p6 w 2.52 

Ti® 4. 

• ` . Ti  
Ti  ft 4.75.5 =..71.5 

Assuming Pi 0 4 this is adjusted by reducing 

the gain of amplifier No.20 'by a factor 71 	17.8 times. 
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7.2TUU SDIE3 

In thio coction the various types of etobility studios 
defined in section 1.1 will be considered. Before carrying 
out the stability studios on the computer it has to be set 
for The normal otaadystats opsrition of the power system. 
This is achieved as follows. 

Patch up the diagram shown in fig. 7.1 on the comp. 
uter with, 

RI G1 = 0.5 	R2 C2 = 0.05 	C3 = 0.2 

R404 0-1 	505 = 0.5 	R606 = 0.029 R707=0.0637 

3 	4 	s 

and set the coefficient pot setting and perform the steps 
given below. 

1. Open the angle regulator switches ~36i vS62 # 85 

2. Open witeh S j aiid adjust the initial value 
across the amplifier No.12 corresponding to 8=60 
Calcul t ed in Appendix 

3. Open snitch 52,33,84 and S and adjust Vb =i.O 

4. Adjust . to get e equal to the no load exci 
tat .on voltage as calculated in Appendix 4. 

B. Close switch 52, S3, S, and S and msasure et 
and adjust Br so that eta .0. 

6. Read off the value of id 	~ , at the output 
Of amplifier numbered 22 and 23 and verify it 
with that calculated theoretically in Appendix 
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7; Ad3ust Ti. so that T1,"T1 i.e. zero voltage 
at the input of amplifier numbered 21. 

8. Close the switch S. 

'7,4 The computer is not set for the balanced steady 

state opor-tion of the system. The various studies are 

carried as follows. 

'7.4.1.  Ue d.y State Stabijt . 

For carrying out this study change the input. Ti* 

gradually and record the variation of Ti  with d (otor 

angle). This is done by feeding the output of amplifier 

numbered 12 and 20 to a xy recorder. Go on changing Tio  

In gradual steps and record the corresporx inn variation 

of Ti versus 6. Prom the records the maximum value of 

Ti for lahioh the system remains stable gives the steady.. 

state stability limit. 

7.4.2 	jr tahil .ty 

For carrying out dynam :e stability study the value of 

is first adjusted. to some steady state value and then 

changed In a small step. The variation of " j with 6 is rec-

orded • The maximum value of Ti for which the 3ystorn rem-

airs stable gives the dynamic. stability limit. 

?,4,3  T ana nt-,Stab  jilty 

For carrying out the transient stability study on. the 

occurrence of various types of faults following adjustments 

are made in addition to the 8 steps described earlier for 
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the normal operation of the system. 

(a) Set the gain of the amplifier numbered 26 to 

33 to a value depending upon the type of fault under 

consideration. 

(b) Adjust the time constant of the relay circuit 

shown in fig. 5.5 equal to fault clearing time. 

Cc) Operate the relay A with the help of manual 

switch and feed the output of amplifier numbered 12 and 

20 to xy recorder. From the records the maximum value of 

Ti which the system remains stable gives the transient 

stability limit. 

The stability of the system can be determined by 

recording the variation of 6 with time. It the ose ill... 

ations In 8 die down then the system is stable and if 

they increase, it is unstable. 
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8.1 RE RESENTAT O  OF t /J.' MACH INE Pl ;7El 

It is possible to represent the performance equat.R. 

ion of each component of a system by a suitable analogue 

set-up on the computer. The individual set-up so obtained 

for the various components of the system are combined 

after their transformation into a common reference frame 

to obtain the overall performance of the complete system. 

Transformation of the 'various components into a Common 

reference frame is carried out in the following steps. 

(a) Establishment of the basic reference frame and 

representation of each component with respect to this 

frame. Usually the erose-field reference frame of Park's 

or d..q axle are chosen as the reference frame. 

(b) Though there is no restriction posed by the system 

in selecting the reference frame it is advantageous to 

choose the referOnee frame as that of a machine with the 

highest rating or the machine which is most stable. 

'thus # In a n machine system the frame of one 

machine is chosen as the reference and remaining (n3) 

machines are expressed with respect to this reference 

frame .This transformation being necessary because of the 

different orientation of the rotors of the (n4) machine 

in the system. 

For clear understanding of the simulation of the 

mule imachine we proceed for the analysis of the two 
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machine system as shorn in Fig. (8.i) 

61 and  62 being the angles between the quadrature 

axis of machine (1) and (2) and the rotating reference 

frame and 612 the angle between the quadrature axis of 

machine (1) and (2 ). The voltage transformation for the 

two machine system is self .explanatory from the vector 

diagram of Fig. (8.2). In the vector diagram shown e 

is the common voltage at the junction of the two machine 

and edi  eqi I  ed2 eq2  represents the components of 

the voltages 0 along d1 SI1 and d•, q,2 aria. 

In the block diagram of Fig«8.3 assume some valu-

so of o and eq1 and record idi  and iq1• e42  and + q2  

are obtained from the transformation of the c di  and oql  

with the heap of analogue set-up shown in Pig,4 and 

hence id2 and iq2 are also 3 n.orm. 1d2 and i,, are trane.-

formed into id2 and id2 .  and added with idi and 

to obtain 4 h  and i 	RO 1d T  and iq L are impressed 

into the load circuit to got edl and egi. which wore 

assumed inii,"Lali' and thus the whole system works as 

one closed loop. 

The voltage of machine (2) can be expressed `in 

terms of the voltage of the machine (1) by the following 

rel&tionship. 

8 = 0q1 sin612 + 0d1 008612 

eq2  = eqi coe612 " 0d1 ain8l2 
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An analogue set-up for these equations 10 

shown in Fig. 8,4. 

T ansjo at, 4 of Currenti. 

Fig. 8.5 shows the transformation of currents, 

The load current 'd L  a. q L  is calculated . with the 

relationship given by the following equations. 

iqL ` igl+t;2 

ddL ' 1dl d2 

Prom the vector diagram # 
I 

.q2 = • 1q2 ccs+ 12 + 1d2 s 	1, 

2 = 1d2 000612  .. ig2 oin612 

1qL, ° ql+ig2oos6l2 + td2  Bin612  

idL 	iq2+td2cOs612 ig2sif612 

8,2  SZMULATIQW OF MAQHI 

The equation for the synchronous machine derived 

from Park's reference with the assumption made previously 

may be written as to .lows.. 

For O( ) 

d26 
+ ;l,1  + Tu2,1 	.. (1) 

t 

d1 iqj.1Pqid  . 

Tu2,1 41 (R21-Ral) 
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An analogue set-up for these equations is 

shown in Pig, 84. 

TonalTranaformatl.on, U Qurent. 

Fig,. 8.5 shows the transformation of currents. 

The load current id L and iqL is calculated . with the 

relationship given by the following equations. 

iL = jj+t2 

IqL = 1q1 tq2 
1t .L 0 td1*1d2 

From the vector diagram # 
r 

tq2 	- 1q2 COS 12 + 1d2 sin612 

182 coa612 "' 1.2 sin61.2 

tqL 	iq.t+ig2eos6l2 + 2 sIn612 

,dL 	iq2+id2cosgl2-'g2ainb 9, 

8,2 SIIAULATtQN OF Tl CHINE 

The equation for the synchronous machine derived 
from Park's reference with the assumption made previously 
may be written as follows. 

For Wo(I) 

826 
Til 10 M. ~-7--' + T j,,3 + 2u2,1 	•„ (2. )  

t 

Vdi igj4qlidl 
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°d = pld1 .. Igl. Pel 

eql = Pigl + d11 

eqi = P*ql + 

'or ri/S (2) 

T it Mid d2 	+  
t 

Tu12 Id.2'q r4g2 -d2 

Tu22  X2,2  ("2,2  

ec2" P112 + 1421  2 

8.3  SIMULATION OF LA 

The equations for the load circuit are written as 

follows, 
BQ=p[ua. RL1b 

a 

cc = plc RLI0 

where, 

a 	Lla lb ` XL b 1c = X , c  

These equations when transformed into d axis 

components give, 
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edL  a XI F  '3 t dL  -. XL L 	_ RL idL 

q L = XL P 9"q L  XL td L  pg " R L iq L 

Neglecting the transient terms and assuming pa 

equal to unity we get, 

edL  -;ACL  iqL  . RL ,'dL  

eqL ` XL idL4i RL  .cL  

A suitable analogue set-up for these equations 

is given in Fig. (8.6). 

8. § LATr 23 RANSMISSI N ,IVES 

Transmission lines are etmulted with the following 

equation. 

ea  ea+ ta(Rt  + pXt) 

I 

eb 	+1b(Rt+pXt) 

e, xo eo  + to  (Rt + p; 

4 
Where $ ea  and ea  are the voltages at each end of the 

transmission linea, 

These equations when transformed into d. q axis 
yields, 

I ed  = dt -4gtPG'" Rt 1dt + 
eq 	qt Idt ' — Rt iqt + eq 
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where, 

dt "' Xt idt 

*qt = !t tqt 

Neglecting transient terms and putting p8 equal to unity 
we get, 

ed=+gid+Rt  
r 

eq t` eq + t qt + ~.q dtt 

A suitable analogue representing these equations is 
shown in ig. 8.7. 

8.5, Qs ' A IQ T OF MUL IMACI INE .YSTEMl18I 
lrw111 1lfYYW41uYlI l Ilf 	! A I r1 	MN IIII rtp Iw1 R 

Pig. 8*9 shows the block diagram for the multi.. 
machine system of Pig. 8.8. Inihe system shown in Pig#O 
the frame of machine (1) is chosen as the reference frame 
then for representing the all other ma thine of the system 
with respect to machine (1) It to not necessary to exp... 
Tees each machine with reference of frame of machine (1;). 
In the system shown the machine 	 with respect to 

machine (4) and finally the frame ©f machine (0 ) is 
referred to the frame of machine (1) thus making the eye-
tern more econom cal 
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pendixj 

Substituting the data given in Table I the express.» 
ions for Xd(p) xq (P) and G(p) of equation (2.18) 

xd (p) a xd 

	

P {xi1d+x►!d 2̀xt1e&ld fd♦xf d!aid )+P 	' 
p (XlldXffd'XfId )+p(x1Idrfd+x fdrld )rldrtd 

or xd(p) 	1.2--.---.w. _ 	_~t_.t_+tt. 
p (0.21)+p (I 21x1 O +22x10'3 )+22x10" 

or xd(p) = 1.2 . 	+ 	1l 
0. Pip- +O. (' 321 p+21x1O 

.c  or xd (F 1 °~ 	 Gr 	
~y 	~y 

O.21p +O.02321p + 2 AO 

or zd (p) 	..,. Q.O52 	 OO871u+26.4xiO 6 
a.2Ip +0,02321p + 22x10 6 

45x1 	2+  , OQ671u106 +1. 
xd(p) 	 1.2 

	

106p2 + ~ 	0 F+i 

xd(p) 	24n+1 	1.2 
9580p 2 +1O85p+1 

	

+P)(~ 	 .. (t 

Co ap: ring this expression for xd(p) with the one 
given in equation 2.22 we get, 

T ► 248 	Td 0 8 
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t 	 rt 
Tdo a 1025 	Tdo 	9,1 

P 2 
xq (p) * xq -m ... 	L 	-.,. 

pxliq +rlq 

Substituting valuee from Table 1. 

(p) 0.8— px0.8+0 Oi  

1 'D +  
0.8p+0.Ot 

,Q. 28D + 
0.8p + 0.04 

..... 0.8 
(1+20p 

+8 
Iq 	1 +2Op 	Q - 	• 8 • • (d-1-2 ) 

Comparing with. equation (2.22) 

N 
	

tt 
q 	8.78 	Tqo aye 20 

G(p) = 
p (X11 deaf d"' '1dZ d )+Ze;,). Ol d 

(XI1dxfr r'4z1d )+p (xi ,drfd+xffdrld )+rlLdrfa 

Substituting value a from table 1, 

or G(p) a p"` (1.1xi.1..1.0 )+p (i .020,0011+1.1x0.02)+0.02x.0011 

or G(p) 	V.  

0.21p~+f .02321p+0.000022 

l5p+1 0.02 	6 or C p } 	 ~ ( 	X 10 } 
9550p +1055p+1 

or 0 (p) '° 	[910 



Comparing this expression with equation (2,2?) we get, 

T = 5 	Ada 0 1025 	Tdo ' 94 

K= 910 

The values of the time constant obtained in equation 
(a44), (a.-J-2) and (a,.1..3) are in radians . Converting 
these values in ee c we got, 

Td 0r,9 sec. 

Td =  4 = 0.0255 nec. 

~  5 UN4 " 3.26 

T$o 3  0.029 sec. 

Tkd  0`0159 

'4=  = 0.0278 

i`qo 	= 0.06374 
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ADendix «.2 

From equation (2,22) 

(I+Tdp)(14$p) 
xd(p) - ad 

(l 1 aoP) (1+Td op ) 

let (1+Tdp) (1+Tdp) 	A 
+ 
	A2 

(1+T V p) (1+TdQp) 	(1+T 0p) 	(l+ p ) 

III 	 10 	 II 	I 
or 	1.+P(Td" 'fid )+P2 did = A1+ +p (A1 rdO+A2Tdo ) 

Lot, 

Al = 1+A3p 

A2=Ap 

Substituting in above equation we get, 

+p (,d+!!d)+p TdTd = 1+A3p+A4p+p. +A3P )Td0+A4pTd0] 
I0 	2 $ rr 	 " 	2 	0 	0 or 	i+p ( d+1'd )+P dTd 0 i+p (+, ++d~ )+p (l do+A4Tdo ) 

Comparing coefficients, 

1 0 	 tr Td+fd s Ai+A4+Tt o 

l3Tdo" :A4TBo 

Solving for A3, A4 in teams of Tg Td Tdo and 'da we get, 
I If If 

Td d-Tdo A3 =Tdo L-T 
+do do 

~1 1t 

	

'1 n r 	Tdd"`Tdo A4 = Td. Td Tdo ado 	 .. (a .2. 1) 
Tdo 'Tdo 
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Also, 

.+ A3p 	A4P 
xd(p) xd[ 

(l+Tdop) 	(1+Tdop ) 
.. (a..2-2) 

i+ 	'" B[ i # , ] 

A3p 

md4 1+ Tda } 

Substituting in eq. (a2.2) we get, 

xd 	 A3 	A 
xd (p) 	- + x —r- -- + 

(1+TdQp  
IT

ao dao 

eta 	*1A4  
Tdo (1 rdoP 	Tdo (1+T~Qp ) 

A A 
tat, 	xd -A + f ° A5 

T do 	Tda 

Tdo 	 do 

.. (a..2-3) 

Also from equation (2,?2 ) 
I .t Tkdp 



	

l+ 'kdp A8 	Ag ret w 	~ , ra~op) (1+ rg0P ) 0 	9 	+ tsto ) 

ff  1 

or 	l+` kdP a A +Ag+P (A8Tdo + A9Tdo ) 

Comparing coefficients 

A8PdO+A9Tdo= Tkd 

Solving A8 ,Ag In terms of l'kd Td eta Tdo we 

get, 	 f 
~ w 

	

A8 	. Toil +. dI_....` 	 (c12.'+~ ) 
do do 
ff 

Ag  

do do 

	

(1 dop ) 	(1+2doP ) 

Similarly, 
(1+Trf P ) 

	

xq (P) 	xq (i+P oA) 

	

1+Tip 	1 	Tf 	 l 
Alsot] + 	

1̀ 	— + 	1 + 	
) qo

) 	
qo  qo  (~ + q0P 

T 
rot 	=A10 

Tqo 
to 

	

i+ PP 	I.A1p 

qo  
(1+Pqp)  



# 5 . 

" xq (p) = 	...., T ..O + ,A1 Q xq 	 .. (a..2..6) 
(1+Tgop 

As desired in equation (2.17) 

Id = -2&(P)id + G(p) +std 

Substituting xd (p) and G(p) from (a...2..3) and 

(a-2..5) we get, 

1d= [±? +A.. 
xa 

ti 4` ;op ) 

+ 	,.—.- + 	- ^ e 
(t+Tdop) 	(1 'rd©p ) 

At t= cc 	and p = Q 

xdr.A7+A5.•¼ =xd 

of 	 A5 	* 	+ Al 	 .. (a . 2 .7 ) 

Also at any other value of t 

(xd. 
xd. (p) = ,. 	+•-----  

(i+TaoP) 	( aoP 
$ 	IM 

(1+Tdp)(1+!P)  
ft 

(1 dop) (1+Td0p ) 

or » (xd-A►~) (1+Ta0p)+.1 (i+Tdop) (1" Tdop ) 

-AS (1+T#0p) a+p (T~+To f )+p2 (TO To) xd 

Comparing coefficients of p on both sides, 

+ A5 (Tdo + Tdo )+A6 Tdo = »xd (Ta+T$ ) 
.. (a-2..8) 



Comparing p2 termE 

«`B,5 ('Tdo Tdo) a -Xd !d TA 
t 	of 

B, 	_ +xd 	...,.. 	 .. (a..2.9) 
Tdo T 

Substituting the numerical value in eq. (a.2.9) and 

(a_P-8) we get, 

B5 a ~i~n~.~ 7 . 
3.26x4.029 

% W. +0.209 

_ +0.209 .. (a..2.10) 

-. (2..2..A )O.029,.O.209 (3.26+0.©29)+3.26 A6 a .1.20.7S.-O.0255) 

or 3.26A6+0.029!!x► _ .I.2x81 i5+0.2O9z3.289+0 «029x1,, 2 
= 0.98+0.688+00348 

or 3.26A6+0.029 A? a 0.26'72 

Putting A7 = (0.209.»6) in above equation 

3. P+~.6+O. a2 ► (0, 2oa.A6) = 0.2G72 . 

	

or 	•21A6 a ©.2672..0.0 Q6= 0.066 

 

or  A6  =0.064 

	

i 	A 	c 0.209-0.064 = 0.145 	. (9.2_11) 

A8 and A9 are calculated by substituting the time 
constant from Table 1 in equation (a..4) 

A= Tyd.Tdo
=1,044 

ado + Tao 
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Ag a I-A8 = 1-1.004 = ..0.004 	 is (a.-242) 

So complete expression for Id can be written as 

Id '~ 

 

- 
[_ j :_ 3,26p .+ 0.20. 	0 	p id 

1.004 	Q fl 
1+0.029 e 

or Id ,. +355 p 1d ,. 0.209 id + 1+0 A "hT id 

( +3.26p ' T+o 029) • P • ...~ ) 

From eq. (2,1?) 

-xq(P). iq 
Substituting xq (p) from eq. ' (a....6) 

+ Al Xq 'q qct 
for A10 Tqo 

Substituting rumo rival values from Appendix 10„ 

	

Al 	" ` 	= 0.43? 

•` 	t 	2tt.£3S3? 	+ 0.43 	08 :q 

or 	Vq 	-  O . b63?p)  0,35  1q 	.. (a234) 



ZE.P© W5 

fd lb 

F 

Z.epo BUS 

F 

ZE.PO BUS 

5EQ UENCE D/.46 M 

f/S.(a -3-1) 



Calculations for Z,j. $22 212 

From the calculat ions made in appendix 1 and the 

data of the problem supplied following parameters121 

can be calculated. 

rt 	`d ;d 	P O,?9x2.5x14 ,~ 	
."3 

X, ~f  
TdoTdo 

 
3.26x2. 9x10 

a 0.209 

0.02'?8x10'3  
a Xq 	0 4. 	r~ 

Tqo • 	0 . 063?X, 6 

0.336 

X2 

« 0,2725 

it 
"o a 0.3 xd 	- 0.3x 9,209 

Positive, negative +sad zero sequence mpedancea 
of the system are calculated from the sequence diagrams 
eh corn in fig. ca. 3i) 

$0,309r(0.025+30,2) 

0.025+34.2+30.309 

or 	i0.12281=0 
0.3 '251$$000.2021 P.,.9a 

0.573 

22*0.131,,3.4° 

i 



	

0.05 	J0'Z 

I 	 ✓0.1 

	

0.05 	✓0 2 

,o~E~AUT 

Fq vZ T 

J0•1 	o.o5 	Jas 	J o ! 

DOST F4uz7- 

/G• (Q.3-2) 
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0.1 I I i (0.05+30.3 )  

30.1+0.05+30.3 

so = o.oaa3 (_,'_ 
AUIR CATULATI0Na 

Yr~l ~I~MI~ YI~I I IrIY~rY riiY~ii~ 

Referring to fig.. (f4.* ) 

I'll m * 	2 2 aae 

1.2 * 0.026+30.3 
0.30 f5.25 , 

PMUrrYY41YirYi11 /41YII11111Y41 	Yi 0NS 

.L PAUIfl  

X2 

0.1Q +0.131 	° I+85!4..s.~ 
 0,202 

0 0,0166+30.937 

a 0+2041 86. 

S im lar] y, 

X22 ` Q.594~ 
*12a0.46l, , 

____ 
2 	

?  1x 
,/

0
ISI

„
$.

0 
0.1$2+0.2

05 	

O.202$82,9
° I 8  V IY~.MMA114f  

Q.00739+30.4055 

. 4.4055 188 
Similariy9 
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$12 a 0.401. 	
o 

M 

0.202182.90 
- 0.ao1z83a.t'1i 
a 01'3 __ 

Similarly, 

22 '" Q. 518 

2 * 0,?25 ice° 

Post    irwWr  l~rr■'`Li i ~1 u i~st  

Refe ring to fig. ( 3..Q" ) 

f.$ a Q. +jO.4 

a 13 403182. ° 

SAM CATIONS fl fi 4` OP AMP, F XER 

In the equation (3.4) and (3.5) derived earlier, 

, ia8 ,1 sine 
'.""'~' + 

cOeA11 c08912 
K 

I 	,1 kl21 

T-3 
112 

thO 

1a12 1 X05243 
hA+~R.4t 11paRY U,10EkSJTY 

ROO XEE 

0 



Pram the previous calat lat ions 

z11  

e US5.280 	0.9965 
K2 a 	- 0 + . 	 - 	„... a 3.32 

	

0.301 	0.30 . 

coo .25 	0.C828  
El 	= 0 + -•--~ 	— a 0.274 

	

0.301 	0,301k 

a K3 K r a • 	 se 0.274 
.2 

' mO12  g4 	,■ 	2 ...'..' 	-3.32 

X11 0.40551022A 	2 - 0.82481.80  

'12 * 0.40 r s___ 

sin88.95° a1n85.6 
+ ~--- 

0.4055 	0.40 
0.9998 	0.99970 

0.40 
2.4+2.5 
4.96 

Xi 	s 	+ 

0f 82 , 0 076"? 
4.40  

0.0455 + 0.192 
0,2375 
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00801E 
11h3 	

rf 	 2 	0.456 

 

0.294$.L5°  
112 a 0.456I8,. 

z22 a 0.591 

a 	t 

a 	0.9976 
0.294 	0.486 

3.4+2.18 
x5.58 

* 5,58 

yes . ►5° 	8e° 

- 	_+ n cis 
0.294 Oso 

- 0.192+4,183 
* 0.345 

008012 	0 	~t 

K3 -"'  S _ 9A. 	
a0.153 

si 912 
K4 ` 	•► 0.4'7 i * 	* 2.10  

GJ i3 t 

zll = 0.1711L896° 
	

Zge a 0.34824° 

ft2 * 0.7261_6 



a - 	*C 	* 

a 5,86+1,315 
7.225 

g1  * K5 ' 	+ 
a O. 3+4,1032- 

0.1482 

003912 	07 
2 

14  aa 	Q 	'.. * 1.375  

311* 0,1 	122 a" 0.202  if li12 ms au 

, 	, 3 	. ip 10 

00504 

12 

14X3
12 0 

0t jau 

,12  0.4031 
sin82, 91,  K2 	= .0 + 	0 	-2.46 

K 	0 c84 .2 	g6_0.308 

83 



.v/ 	b/ 

ill :Kb 

6. (b.' 

QS 	•. a3/ aS 

4  

16 

k3=K1 

Ai. (C) 

17 	60.66 

aq, a 

X4 --9B  

 



00082.94 
K3 * 	- 	Q.403 	= 0.308' 

K4 r p ' (•4.3 	•= 2. 4 H 

OAL9IThAPION 10R,R X T ANCE 

For S.L.G. fault ease the slues are calculated 
as follows. 

or 	fifer fig. ( a-1-3) 
r~ 
ri * r2 

Tt 	r2a 0K ,'. t r2 a 33.2 K 

r . .. i .►....~.". * 4.96 
I 

«.1 	 P+~ or  
4 

22 4.87 * ~..~.r- 1. a+r2 

811 

or 

riFI/a ,+r1 
Also, 	 w 2.46 r2 r2/r2+r2 

33.2xr1/33.2+rL 
Or 	6.? 	0 2.48 

S 

or 	- =.-., 	• 0,495 33.2+r 

La 
re 0.33 

20.3K 

rj' (1-$.495) - 33.'x4.49$ a 16.5 



or 	r = 	-32.61t 

For X 	K5 aeer fig. (a..3.3) 

r~ 
0.274 

4 

let, r4 - 10K 	r3 a 2.'74K 

r3r l(r3+r3 ) 
0.2375 

I 
r 

or 	0.274 2.74+r 	a 0.2376 

I 
r 

0Z' 	r 	► 0.865(2.74+r3) 

or 	rr(1sO.865) a 9.37 

r3 	- 

r3r3/ (r3+r3 ) 
0,306 

`4r4/(r4+r4 ) 
I 

Ali 	! 	4i276 a 2,06 

r~ 

r4 Q. S 	_ 	- -~ 
l 0+r, 

r 
6.75 

r4 	a 20.8 



t • 

For [3  a T (1eferring Pig. (a.34) 

r * p, 2?4 
6 

10 t 	rs w 10K 	 rç, n P. 74X 

w 

r54  0 0.192 

or 2 ' 	- 0,? 

i 
 

r5 - 6,4K 

R'• 	- 	fa 0.306 

or 1Q,31 	1O + rB 

or 
re 	1?K 

For K4  g8  R.ferring fig. (a-3$) 

x7 * lox 	re = 33.2K 



r$r6k8+r8 ,) 	
* 2.18 r v 

or 	,2*r_ 	2 	_ 0.655 

I 

	

r8  (1..0.655) 	= 33.2xO. 68€ 21.8 

t 

	

rg (1-4.655) 	a 33.2x0,685 = 21.8 

r8 	= 63.2K 

I 

rI-I- 	= 21.8 
r8+re  

21,8 
2,46 

1 7/1 G4 r7  

.4 

I 

or 	0,886 	m 
1Q+rr  

Zr, (1..o, 886) 	m 8.86 
r 

or 	r7  



/9 = /90 -20C 

0 

ub 

Vo: BUS BAR VoLz4 -1c 

p1 7f4'4?/4'4Z V9L7I6 

,C/G. (a-4-") 



W • 
b 

to • 

Referring to Fig. (a-4-1) 
For normal system current variation. from 0.2 p.u, 

to 1,6 p.u. in steps of 0.2 prefault values are calculated 

as follows, 

x: 83,. Ca a 20 

180..(p+g) a 0 

where, 

8 Impedance angle, 

85.60 
g 0.028 + 30.3 = 0.3011 4 6° 

For 1 p.u. of bus and terminal voltage 

	

For 	i = 0.2 p.u. 
.~..I+1. (4.0906x0.0__4_) Co~~a ~ 	~-- 	0.998 

 

I 
 2a = P. .  

. `. 2p = 1800..2.60 

"S 	0 a 88.' v 

.'. 	0 = 180..(0+8) = 180-(88.?0+85.60) = 5.70 

Similarly these angles are calculated for other 

values of currents and tabulated as shown in Table 

Thble (a.4-ti 

c 0 fjo flge 

0.€2 1.3 88.7 5.7 
0.4 3.5 88.5 7.9 
0.6 5.15 84.85 9.85 
0.8 6.8 83.2 5.1.2 
1.0 8.65 81.35 13.05 
1.2 10.40 19.60 14.80 
1.4 12.15 77.83 16.55 
1.6 13.90 76.10 18.30 

.• 
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Calculations for Ed V P j and a and e 

Tear I = 0,2 

Bd = 1.0 P 	+ 0.2 l 	° (10.'209 ) 

Ed = O.99?( 

v= v+ TZ 
Vt a 1.0+0.2 I NLZ° x 0.202 82.9 

Pi 	0-- 	----- coeac •- - 	coo (O+cz ) 

0,0488+ 	x 0,0384 

a 0.095+0.075 = 0.170 

M 1.0 	°. 

Id and i. In steady state conditions may be calculated as 
Poll vs. 

At I = 0.2 bo 11.8-5.6 ==6.2 

	

i6 +~ I Sia 6 	iq 	1 005 8 = 0"%x 0.14 41 
0 0.2x0.1080 	.,q 0l99882 = 

ig = 0.0216 

eq+ d ( 	) 

I.0i10*ON0 `16x0.4 
1.00864 Imo, 



1milgrlr above calculations are made for other values 

of currents and tabulated as given In Table (a4.2) ) 

Qalcu:lat ions 

As calculated in Appendix' 3 

Z a 0,1225I7.° z2 = 0.13 l 

sQ  = 0.075131 

z1+ +Za 0.1225 I S . °+0.13 ` 	o+0.0?53 I,8..  
a 0.32? I861° 

Vt 

Vt  
If = 0.32? 	"- 

3.061.E x V 

0. 202 I  

© 0.2O28.9°  
11 3.06V I r8.4 Z 	o  

or 	1 211, 

So for i = 0.2  p,u . from t sble 	 ° 

•
1.11=1«w.xl:012.3° 9_3.  

Total current flowing from the generator 

Prefault current + fault' current, 

	

= 0.2( ° 	1.2 .1  
1.211. 
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~d = T 00860 	',here 6, = 90.40 
1 .21X0. 9999 

1.21 

iq = 1.21x (..0.0069) = . 0,00835 

Referring to the negative sequence diagram of 

Pig. (a.$..2) 

rf=3.6Vf_8f4! 

0.202 19.....' . 	?8+0.025+3O. 
I8299  

= 1 a 1.075 VV $ 

1=0.2 

I2=1-'?5x1.01r90.6°+2  

1»p' 5I-° 
Similarly the values of Ii X X 	re calculations 

for other values of currents and shown in table (a.43). 
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SUMMARY AND CONCLUSION 

Analogue computer forms a versatile tool for carry. 
ing out the stability studies of power systems. By 

simulating the performance equation of each component 

on the analogue computer the study of the transient 

operation is greatly simplified and the solution of the 

problem can be obtained easily and quickly. 

In simulating the synchronous machine the operat-

ional forms of Park's equations are used and the effect 

of field -flux linkage damper winding is Included which 

have an appreciable influence on the stability of the 

system. In computing the positive and negative sequence 

torques the negative sequence torque produced is assumed 

to remain constant which is justified as the decrement in 
the negative sequence current Is small, moreover its 

occurrence Is for very short duration. 

The performance equations for voltage regulator 

and governer are expressed in a form suitable for analo.. 

gue computation. An arrangement is shown for carrying out 

individual and combined study of different voltige regulators. 

The induct ion motor load has been represented in a 

simplified manner with the help of its equivalent circuit 

where the electromechanical transients are considered much 

slower in comparison to the electrical transients. 

The transmission line is represented in its lumped 

form and. the method of symmetrical components is used in 
analysing the unsymmetrical faults. A simple and efficient 



relay circuit has been made for creating and clearing 

the fault for different values of fault clearing time. 

In Chapter 8 a procedure is explained for represent.. 

ing the multimachine system on the analogue computer. 

Various methods of simulating the power system are 

discussed critically in Chapter 1 and it has been proved 

by physical reasoning that analogue computer forms one 

of the most convenient methods for power System studies, 
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