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SYNOPSIS

Power system stability problems have been solved
by various methods. In the present work for simulating
the power system on the analogue computer, each component
of the system is represented by its performance equation.
The synchronous machine ig represented with the help of
the: operational forms of the Park's equation. In ﬁhe
previous weik the induction motor load is simulated with
the help of af0/dqo transformation. In this work the
motor is simulated by its aquatibn of motion and 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 snalogue computation.

An attempt has been made to include the contribution
made by the damper winding and angle regulator towards
the transient stsbility of the system when a major distw
urbaneé on the system takes place and finally the comb-
ined effect of voltage regulator and angle regulator upon
the transient atabi}ity 1imit of the system.

The effect of wvarlation of the various parameters of
the system e.g. resistance demper 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 ropresenting unsymmetricel faults on the

system iz proposed.

Thie thesis also discuss bdriefly the various met-
hods of simulation and study. Finally the method of
simulating a multi.machine system is explained.

The assumptions made are the same as made in other

studies.



KOMENCLATURE

ey €y O, voltages of phase a,b,c
Yas¥y dwq axis fluxes,
eq eq d~.q axis voltage,
1a iq d-q axis ourrent,
et terminal voltage,
E, refrence voltage,
Y | Busbar voltage,
" ,
Ed Subtransient voltage,
v&.v§ - - Components of bus voltages
along de~q-atis
8 impedance,
r resistance,
x3 deaxis ﬂynchrnnoua‘reacténcg,
]
41 d-axis transient reactance,
Xq q-~axis synchronous reactance,
e impedance angle, |
& . rotor angle,
M inertia constant of synchronous
machin&,
Ty input torque,
Tg Tu electrical torque,
Ty Tg Tn time constants used with voltage
. regulator
Te Ty time constants used with governer

Kpy Kpp Kz Arbitrary eonaténte used with volte
' age regulator

Km 1{52 K62 Arbitrary constants used with governexr

Gg Governer gain,



NOMENCLATURE

e, 4y €, voltages of phase a,bsc
Yar¥y deq axis fluxes,
eg eq d-q axin voltage,
15 44 d~q axis current,
e terminal voltage,
Ep refrence voltage,
VVb | Busbar voltage,
1" .
Ed ‘ Subtransient voltage,
v&’vé ’ - Conmponents of bus voltages
-] : impedance,
r resistance,
x4 d-axis ﬁynchronoua reactance,
]
X4 d-axis transient reactance, |
Xq q=axis synchronous reactance,
2] impedance angle, |
& .rotor angle,
M inertia constant of synchronous
‘ meachine,
Ty ~ input torque,
Te T electrioal torque,
Ty Tg Ty time constants used with voltage
: regulator
Ty Tp time constants used with governer

Kpy Kpp Kpy  Arbitrary constantc used with volt.
' age regulator

Keq K§2 Kgo Arbitrary constants used with governer

Gg Governer gain,



fractional slip

rotor and stator resistance,
of induction motor

rotor and sta‘*or reactances,

load torque

Inertia constant of induction motor
used as a suffix for positive sequence,
used as a suffix for negative sequence,
used a8 a suffix for field

used as a suffix for daﬁper



1,1 INTRODUCTION

A power system consists of a large mumber 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 wvoltage regulators and the

governer, the protective equipment and the switchgear,

In normal operation of the power system all these
elements reagt together and form one unit for the purpose of
generation, transmission and distribution of electrieal
gnergy.'

Effective and efficient control of the power systenm
can be realised only when the exact nature of the transient
behaeviour of the system is understood, Wnile studying the
transient behaviour of the gystem, 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-mechanical transients. Hence, it is necess.
ary to consider all the elements of the power system as cong-
tituting an integral syatem. This means that the study of the
electrical parts of the system should be assoclated 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, admittgnces and the transforma-
tion ratio, time constants, inertia of the rotating parts etec.

These are known as the parameters of the system.

The stability of a system 1s defined as its ability to
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develop restoring forces between its elements equal fo or
greater than the disturbing forces so as to maintain a

state of equilibrium between the elements.

A power system while ih operation may be operating
either within the steady state stability limit or within
the transient stability limit. A steady state stability
1imit 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 condensors
increase in each step, 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 suitéble voltage
regulator, the stability limit increases appreciably. The
gtability limit under these conditions is known as dynamic
stability limit or steady state limit with automatic devices.

A system is8 gaid to be in a transient state if the oper-
ating state of the power system is characterised by sudden

changes in load or circuit conditions.

For a clear understanding of the nature of the transients,
it 1s necessary to consider short period transient processes
which may oceur 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 distur-
bances without the individual maechine loosing synchronism,
it is said to be stable, So, it 18 necessary to study not
only the steady state conditions but also the transient

state conditions which frequently prevail in practice,.

For the succesaful operation of the system, it 1is
necessary to maintain the voltage and frequency within
the specified limits at various points in the system. The
systen _m.ffere from various disturbances such as occurr-
ence of faults, throwing on or off of loads etc. These
d_isturbances tend to create instability in some of the
machines, The system then develops restoring forces to
bring itself back to its original state or some other
stable state as may happen when the faulty part of the
syatem 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 coniribution made by the aﬁtomatic devices and the
roaction of the system to their operation. Thus, if the
designer has a dear 1dea 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.

Fumerous approaches have been made to fhe systen

atability problems., All these are based on the operational
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form of the Park's equation written for the synchronous
machines‘zi. ¥any times certain simplifying assumptions
are made, Por example, the flux linkage of the field a
winding i8 regarded as constant during the transient
process. This enables one to represent the machine by
the voltage E; defined 4in t?e phéaor dlagram shown in
Pig.1, and the reactance x4. (It can be proved that

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

equation of the form,

=1
]

¥ s = P~B Sin &

=

t

This equation has been solved by methods such as

the Stapuby_Step‘method*sl an@ the network anaiyaer16’7‘

Other approaches start from the Park's equation
of the machine and use the equation, Te=='$aiq~véid for
the power output. Hence, the power output is expressed
in terms of both the angle 8§ and time ¢ 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 Nodel Simulator,
2, Step-by-Step and graphical analysis,
3. General differential analyser application,

4. Network Analyser,



5. Digital Computer,

6. Analog COmpﬁtar,

7. Combined Computer, | ,

The effect of variation of the field flux linkages
during transient disturbances has to be observed carefully

for the following reesongie

7/

(a) To find the damping characteristic of the system
to assess the validity of the aseumﬁtion of constant
field flux linkage.

(b) The contribution made by the modern fast acting
voltage regulator towards the transient stability limit
of the systenm,

(¢) Generalised relationship between the assumptions
made and the system parameters from the results of the

above assumptions and associated studies,

Experiments were conducted on various computers e.g.
prototype analogue computer, a combined computer, a
combined electrical, electro.mechanical, electronic
simulator, an electro-mechanical a:galogue computer and a
purely electronic analogue computer!e'. 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 sygten,
(b) Eaginess of varying system parameters,

(e) Direct variation of record of any quantity of the

syetem, and



(d)  Accurate representation of the system disturbdances
and the prediction of remedies for overcoming the harmful

effect caused by these disturbances.



1.2 NECESSITY OP SIMULATION

A —;

In the past the power systems were simple, consist.
ing of one generating station with a radial distribution
gystem., Hence, the study of changes on the occurrence of
disturbance was of little importance. With the advent
of the development of the industry, the growthin the
Interconnections in the power system has created the necess-

ity of improved quality and continuity of the service.

Furthey, the wideapread application of automatic
voltage regulators and fast acting governors in posing
mmporﬁant problems for successful operation., The effeet
of varying the different parameters of the automatic volt
age regulator and fast acting governmers on the overall

performance of the system is to be studied,

To arrive at qualitative and quantative results by
analytical methods, particularly with complex multiloop
systoms the analysis involves laborious calculations, Also,
in systens associated with elements having non-linear
characteristics and where large number of variables are
involved, for proper evaluation of pertorﬁance, the calcw
ulations 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 caluulations, It 1s & tool
which, in the hands of a competent engineer, becomes a
very valuable aid in analyaing the performance of the
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gystem and the apparatﬁs. A much more complicated anglysis
of the power system and the performance of its component
parte may be obtained from the results of the analogue
computer study than by the actual system data and operating

reports.,

1.3 METHODS OF SIMULATION

The following methode are chiefly used in solution
of the power system probleus, '

1,3,1 NETWORK ANALYSER

The network analyser provides an useful means for
- carrying out the load flow studies of compliceted 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 ay@tam owing to the
growth of loads. These checks also give same explanation
for the unusual happenings in the normal operation of the

power system.

The following is the brief description of the compo-

nents and the operation of the network analyser.

(1) Ihe_Generator Units

The generators are represented by a variable a.c.
voltage where phase shift can also be adjusted, A phase
shifter and a single phase infuction 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 1s usually of 400 c¢/s frequency or



even higherlsi 8o as to reduce the size of the inductors.

(i1) Line Impedance Units

These units consist of variable resistors and reac-
tors commected in series for representing'the transmission
lines, Shunt capacitors are alsc provided for representing

the = gnd T equivalent circuit of long lines,

(111) Ioad Iypedange Units

These consists of variable resistors and reactors
which are connected in either series or parallel combina.
tions. These units d1ffer from the line impedance units
becaume of their high value of 1mpedaneé. ‘

(iv) Capacitor Units
The variable capacitors are used to represent line
capacity, synchronous condenser and negative reactance

ocecurring in the equivalent circuit of the multi.winding

transformers.
(v) suto Fransformer Unite

These are used to atep up or step down the voltages

at desired points in the network,

(vi) Mutusl Trapeformer Units
These are used for simulating the mutual coupling
between the various circuit and consists of 1:1 ratio

tranaformers.

(vil) Instruments
Electronic instruments are used for measuring volt-

age ocurrent power and rveactive power at various points ih



the system,

The principle studies that cen be carried out on the

network analyger are as followst.

(a) Voltage regulation and load flow studles for

normal and emergency operation.

(b) Short eircuit studies to determine the circuit -
breaker capacity. |

(c) Steady state end transient stability studies for

determining power limite of the transmission lines.

The solution of these problems is 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

1mpedahcea.

(3) setting of the scaled data and adjusting the loads
and the generator outputs in accordance with the requirements
of the problem,

(4) Motering the network for getting the records, such

as voltage, current, phase angle, watts and vars,

(5) Reconverting the values so obtained from base to

system values,

The calculator is capabdle of giving direet records
for the solution of the problem like short circuit and load
flow studies simply by converting the values intc system
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values, Transient stability study can be had by taking
'Step-by~Step' records. The calculator is capable

of providing electrical conditions in each step, thus
not only saving the time of léngthy calculations but also
permiting the solution of the multi-machine problems,

1.3.2 MECHARICAL MODEL SIMULATOR

In recent years small scales machines have been
developedlgl for representing the synchronous machine to
a mieroscale. Such model machines have shown their per.
formance similar to that of synchronous machine and have
their outputs of the order of 20.25 kw and operate at
voltages 220»400 volte. Transmission lines are represented
in miniature fornm.

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 calculations.

(c) To test the operation of an installation under

eritical conditions,

(a) To study the general behaviour of the system

when the parameters are subjected to changes,

(e) To study the electromagnetic and electro-mech.
anical and wave propagation transients essociated with

the induced overvoltage and lightning surges on the line.

‘These models when applied ¢o the analysis of the
operation of the power system give information which is

useful for the design and operation of the system as a
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whole and of its component parts. These are alsc useful
in optimiging the design and operating conditions of a

given gystem and to devise means for its proper contrsl,

1,3.3 THE DICITAL compurer!tll

The digitael 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 sys-

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 gt the terminals of
passive ﬁetworka. The spolution so obtained provides comp-
leté input and voltage inibrmatiOn at the terminals and

power flow in each branch of the network,

In preparing table for the load flow studies care
should be taken so that,

(1) T™e algebraic sum of the components of flow at

each junction of the network be gero.

(2) The algebraic sum of the voltage drop around
each closed loop path of the network be gero,

Por carrying analysis following information must be
gathered,

(1) Configuration of the network,

(2) Impedances én& suspectances of various network

elements,

(3) Power and reactive demand at all load buses.
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(4) Power and reactive output of all generators

except the swing generator.

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

formers.

(6) Voltage and phase angle at one bduas in the net-

work this can be the reference tms.
Results obtained from 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 powor flow studies asasciated
with the planning snd system extension, the network snala
yser can provide the solution of adequate accuracy, dut
for problems like calculation of losses and other problems
where the analyser fails to provide the solutlon of desired

accuracy, digital computer is used.

For stability studies, wvarious techniques have been
used on the'digital computer, The digital computer consti-
tutes a very versatile, flexible and economical tool for the

analysis of the problems of the power system,

1.3.4 THE ANALOGUE COMPUTER

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 heonce 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 fheir

best use in englneering research.

Modern ceﬁputing devices can be mainiy divided into
two eategafies {(a) Pigital, (b) Analogue. The digital
computers are basically designed to perform erithmetic
calculations at a very fast rate while the analogue comp-
uter offers close physical resemblance with the actual ays-
tem, Bach one is having its definite advantage and its
field of application. The biggest advantage of the digital
computer being that it ean provide sclution at very fast
rate and is capable of hendling lerge amounts of data
simultaneocusly. The disadvantage of this computer is owing
of its working with numerical equations, which may in some
case v¢ a handicap. Por example, in problems where the
effect of variation of eysteﬁ parameters on the perfor.
nance of the system is to be studied, such as the effect
of varying the cross-section 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 maf be necessary to

reconpute several matrices,



In the aireraft industry where most of the work is
carried out with the help of computers, analogue computers
are mgde use of fér finding the approximate solution of
the problems end 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 énalogue set-up are arranged
for these equationé with the help of operational amplifiers
which provide summation integration, multiplication and

division operations,

1.3.5 THE cOMBINED compurer!®|

This computer consists of a combination of the analogue
computer of the d.c. electronic type and the a.c. 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.governer are represented on
the analogue computer with the help of operational amplifiers
multiplifers end coefficient setting pots, Initial conditions
for the varfous amplifiers are calculated either by hand cale
culations or with the help of digital computers.

The network analyser 1s used for representing the trans.
mission line by its equivalent T or n c¢ircuit, In the
represehtation of transmission systems assumptions are mede

for neglecting the magnetising currents, iron losses and phase
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shifts 4in 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 'cont'rolled at preselected timing depending upon
the specific problem.

In order to couple the analogue computer which is of
d.¢. type with the network analyser which is of a.c. type
a converter unit is used, A block dlagram of such & conver.
ter unit is shown in Hg., 1,31,

This type of computer combines the advantages of the
network analyser and the flexibility of the analogue

computer,
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1.4 SYSTEM CONSIDERED

The system consists of a synchronous generator
having an Injuction motor loéd at its termminals and is
connected to an infinite busbar through a double circuit
- transmission line terminating at each end with A /L
trensformer, The A side of the transformer is connected
on the generator side and the Y side, 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 paremeter chosen for the synchronous machiime,
the voltage regulator and the goverher are listed in
Table 1.

Table 1

xg =1,2 x, = 0.8 1= 0,5 sec.

X,pq = 1.0 Xakq * 0.6 2 = 0,056 sec.

Xaiqg = 1.0 Xykq = 0.8 3 = 0.3 sec.

Xppg = 1.1 Piq = 0.04 4 = 0.1 sec,

Xoxg = 1.0 r =0.01 5 = 0.6 sec.

g = 0.02 req = 0.0011 R, = 0.05 /line
Xy = §0.2 /line

K, = 30 Gg = 20
Author's Appro o _the pro

and assumptiong made

In simulating the power system described in

section 2.1, the synchronous machine is represented

17



by fha operational form of Park's equations. The Park's
equations are written only for the positive sequence
components of the voltages, currents and flux linksges.
The set-up simulating these eaquation is capable of
computing the positive sequence torque, current and volte
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 for,

-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 sequense current is
small, this assumption does not 4{ntroduce any significaht
error in the study. On the other hand, it simplifies the

representaxion consideradly,

The equations of the machine, the voltage regul-
ator and the governer are written in a form most sultable

for gimulation on the computer.

4

The transmiseion line is represented by its equis

valent = circuit. The equations are derived relating
the 4. and q-axis combenente of the voltages and currents

at the two ends (Chapter ©). The author has suggested a
simple and an efficient wey of representing the faults
in the system, Hence, studies can be made for various

values of the feoult clearing time,

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



‘a-B=0 transformation to the phase quantitleallg‘ and
computing the torque output in terms of the ayp currents
and voltages, the induction motor is represented by its
positive and negotive soquence equivalent circuits. The
positive and nogative sequence torques are computed from
the values of the positive and negative sequence voltages
at the terminals of the machine. In this anolysis the
assumption that the electromechanical transient in the

- motor is much slower than the eleetrical transients, is
implicit, For large loads this assumption is quite justi.
fied, The pogitive sequence voltages nt the terminals of
the machine is available from the computer set-up of the
synchronous machine as V;E:gg"“ . The negative sequence
voltage is calculated from the sequence diagram. A computer
set-up 15 arranged to compute the torques and use these in
the equation of motion of the motor to compute the slip.
This {8 explained in detail in aectisn .

The following assumptions are nmade while deriving

the equations of the synchronous machine,

i. fiyetresis and eddy current lopses asre negligible.

2, Argap flux is sinusoidally distributed in spaoce.
The disfribution of windings in synchronous machine is such
as to minimise harmonics as far as possible. The performance
test conducted on some of the machines have justified this

acsumption vith analytical calculétions.

3. Armature resistance 1s neglected, as this being emall

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 short

duration.

5. Yy ?WQ’ PigsPlysDogspeqspvw terms are neglected.

Voltages induced in the armature by rate of
change of armature flux linknges are negligible'compared
with the voltages genorated by these fluxes rotating at
fundamental speed.

6. Line impedance in assumed in lumped form,

7. The transformer magnetising current, losses and

phase shift are neoglected,

8. TVoltage regulator i3 an amplidyne end voltage regul.
ator is responsive to positive sequence terminal voltage

oenly.
9. Anplidyno feeds to the field of the main exciter.

10. Togative coguense torque remains constant during tra-

nsient disturbances.

11. Torque speed characteristic of the turbdbine is linear

under steadystatc and transisnt cond itions.



¢,1 EQUATIONS OF THE_SYNCHRONOUS MACHINE

With the usual assumptions made during the analyaie
of the synchronous naehino|2| the voltage equations for
¥he phases a,b,c the field and damper windings can be

written a8,

W il -r i,

% =¥ - T Iy

¢ = p¥, ~ T 4,

*2a” Plra*t Trq ita

Oa® O = Py + g Ipq
O™ O = ﬁkq * Tyy "lq

The aign conventions used in equation (2.11) are the
same as used by COoncordiam i.e. generating action 1o consi-

dered positive and motoring action is considered negative,

Pollowing Park's tmnsfomtion'm‘ of the phase
quentities, which is defined by the transformation matrix,

+2/3 cos@ +2/3 cop (0-120) +2/3 cos (9+120)
&5.1..0, = |a?2/3 8100 «2/3 8in(0-120) +2/3 sin(6+120)
+1/3 +1/3 | +1/3

e (3.3.2 )

the voltages €y &y L the flux linkages to Vac vb’ vc
and the currents 1i,, ipy i, ore transformed into sy ¢, o,



Thevefore,

. _ 1 L1
* o
L‘o_: | . fc,_
- -] - -

Ta i j
Y| = [Ta-geo|* ¥
lp'O_J | L - - 36_.
N a— ] i ;j,
1 _
! ! — Li"-

L\
P

oo (2.13)

-1
The inverse transformation is done by the {?a.g.é]

which is

o]

-1

v g

cosg
- |008(0-12)
cos (6+4120)

Therefore,

- fread

—

-8 4nd 1!

~8in (9«-120) 1

-zin(e+120) 1

eto,

i

.o (2.14)

oo (2.18)

Using equation (2,11), the transformation given in



equation (2.13) and the per unit system, the following

equations are derived,

Ya = %3 1a * Xarq 24 * Xaxa kg
%t Tw

Vo =% 15

Yea ® ~¥ara 14 * %era 1ra ¢ *exa ke
vkﬂ » wXyea 1, + Xepa deg * Xppa ’%ﬁ
¥eq = ~akq 14 * Tuiq i

*a = Pla - Ug P - ryy

8y "WQ*Q‘QPG-I‘“

o =, ~ 7y,

Using the last thres equations of the set (2.11),
the rotor currents lsq Ly, i, are eliminated in the
first three squations of the set (2.16), Hence,

Ya = <a(p) ta ¢ G(p) o2q
Yo " =%a(p) %o v 27y

Yo = ~%o 15

where X4 (p) xq(p) are opesrational impedances and G{p)
is the field operator.

Coneidering one damper oircuit in each axis,

gy P (X1 4 4%ara""21a%a14 ) ZaraT1a
P (X114 Xera=Xpyq 1P (X114 TratXees T14)4T1a%0a

%) "



xd(p) = xi-

p(x s.a"zu""na +p (31 16724 e2a%14 Wza’:a

_px
xq(p) = xq - =3 311:1"%{; | ‘ «s (2.18)

The elsctricsl t@iﬁue of the machine is given by

Bquation (2.19) 18 valid under the transient condi
tions also and this eguation 13 used in the stability
analysis of the machine.

Considering the negative ssquence equivalent of the

uaehlne“l the negative sequence torque can be written as,
Q.z - mé‘?ﬁ‘r') . (2,2&)

The negative sign on the right hand side indicates
that 1t is a braking torgue. As explained in section 1.4,
the duge0 axis transformation is done only for the positive
segquence component of the voltages and the currents. Hence,
8,0, and i, given in set (2.16) are zero, The negative
ssqycnéi and sero sequence currents and voltage are consie
dered separately,. The zero sequence current produces no
torque, The fLorque produced by the negative aaduonco current,
given by eq.(2.20), will be present only for the duration of
the fault, after which the sget.up rugrtaenﬁiﬁg the torgue is



discormected from the complets analogue set.up., As
already explained, this torque is assumed constant Suring
the fault and au-o' after the fault is cleared,

Summarieing the equations which completely repree.
sent the machine under the assumption made in seotion 1.4,
are as follows,

Ya = -xd(p)iy + 6(p) og,
Ty =-xalp)d,

oy """q

L Ya

o1 ® Yaiy = Yoia

t0g = -ty - 5

- ﬁmadgﬁq!a |

NS = TyeTqy-Tyg

v HE MACHINE EQUATIONS
The aqueﬂm glven in cet (2.21) are to be simule
ated on the computer. The expression for xd(p), xq(p)

G{p) are written :ln & form auitable for simulation as

follows,
142 1+T
x8(p) = x4 {*QP)( QP)
147
xq(p) = xq 5-*15—?2— > ve {2.82)

(142, P)

T

G(p) w K =g
P (3474 40 ) (1474 ,,0)

20



"
whm the values for the time constants ‘!d %3& Tdo !q

T“ !rm and K are determined from the data of Table 1
a8 is shown in Appendix 1.

In appendix 2 the cxprcasicm tor nd(p) xq{p) and
G(p) are derived as follows.

(xq=

(1 *gd Qp ) Aﬁ (1 4@3 ﬁp )
where Ay Az and Ap are constants, The numerical values of
‘thess constant have been calculated by equations (e-2-10)
and (s-2~11) of appendix 2, as

- &5 = (0,200
Ag = 0.084
}4‘. = 0,145

Substituting these values in the sxpression for x4 (p)

2a(p) = 724280 + 0,200, prRallh oo (2.23)

Alsc from Appendix (2)

a(p) =K “9 . %

Where Ay snd Ag are constante. The numerical valuea for
these constont have been caloulated in eq. (a-2-12) of
Appendix 2.

)y = 1.004
3.9‘ 0,004
K = 910

26



Subst {tuting these values in the above expression.

0(9) = | Th4%s - 13285, |10 v (2.20)

So complete expression for ¥y may be written as

Vg = -xd(p) 1g + G(p) ep,

1 0,0

® "t 1+3,26p * 0-209 - ﬁ"ﬁ.%gﬁ ' 14
1,004 0,0

* l1+3.26p - """1+o.'o!;3'ﬁt e

where,

8= Kaerd

or

1,058 950%

"dﬁ g *3'26p ‘ﬂ. - 0;209 1d + + ‘0 ep id
0 0,00,

@ﬁ%"s._"po“m% .2g°

.o (2,28)
From eq. (2.21)
vq = «xq(p) 1q
Subst ituting for xq(p) as‘ derived in Appendix 2

14

1+Tq°p

* Mo

Xade

where Ao aB calculated by eq.(a-2-14) of Appenmdix 2,

Mg = 0.437

2
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Substituting in the above expression for Wq
0.45 1

wq LR 1“‘0.063 ) - 0.35 1q ) (2.26)

Analogue ret-up representing eq. (2.28), (2.26) and last
four equation of set (2.21) are shown in Pig, 2.22 and |
2,23 respectively. '

SATURATION IN SYNCHRONOUS MACHINE

There are two methods of considering saturation in

the synchronous machine,

1, 'Tha saturation of armature teeth causes the air gap
flux and the mutual flux 1linkage to be r@ducedvby 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 1eakage
reactanéea are effected by saturation so that total flux
linkage of all the direcf axis circuits are reduced by a
common fraction kg of their unsaturated value and the
£lux linkage of the quadrature axis circults are reduced

by a common factor kq of their unsaturated value.

In fact the leakage reactances 4o saturate but to
A lesger &xtent so that the first assumption gives a
pessimistic esti~ate of the flux linksge while the second
is optimistie,

In thir analysis the saturation in the quadiature
axis ic neglected. Hence, only the di{rect axis flux linkage



5
H | r AAAS——]
743

W"V

Yo
o

12 fm———————

Yds

l> Yas

\

br #r P2
R Ps o [Re 41 +P7 £1 4 #1 21
i I Po (& +P{)
lid
2o
Ya

FUNCTION GENERATOR SIMULATING $HTLYTION

OF THE 4 CHNE

£76. 2.24



¥4 Ras to be considered for aaturatiﬁn. The saturated
value of Yy ‘18 related to unsaturated value by the
saturation curve shown in fig. 2.23., Hence, to connect
value of ¥z, the dfode function generator shom in
Pig. 2.24 is connected at the output of the set~up
shown in fig. 2.2%1. |

The operation of the function generator‘ciiuuit
is explained as follows. The diodes offer very high
resiztance so long as input voltage repreéénting Va
is less than the any of the bias voltage E; or E,,
When the applied voltage representing VY, becomes
more than the bilas ;oltage the diode offers very
low resistance and current flows through the resist-
ance Ry ami Ry. The break point E; and Ep occur when
the output voltage of the function generator is equal
to one of the bias voltage. The resistance R 1is

equal to the parallel combination of Ry and R,.



SIMULAT ION OF THE VOLTAGE AND THE ANGLE REGULATOR
3.1 THE VOLTAGE REGULATOR

The excitation system of the synchronous machine
blays 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 1imit of the machine1?l, A great deal of 14ter-
ature has been published on the design of voltage regul-
ator aﬁd their influence on the stability 11mits.’1mprove-
ment in the execitation system can be achieved by providing
the expiter with,

1) Quick response i.e. high rate of build up and
high geiling voltage.

2) Past acting automatic voltage regulator.

The exciter response is defined gs the rate of dbuild
up or buil& down of the main exciter voltaege when a chenge
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 5q2'more than the normsl

exciter voltage for the rated maximum load.

A voltage regulator is a device which when used with
the synchronocus machine increases or decreases the excit-
ation of the machine as the terminal voltage of the

machine decreases or increases.

Voltage regulators are mainly divided into



(a) Electromechanical voltage regulator,
(b) Static voltage Regulagor

Electromechanical type include,

These employ continuously vibrating contacts
which alternatively insert and short circuit sections of
the exciter field resistance; the opening and closing
operation being controlled by a beam. |

Reg

(v) Renhostatic Typo
(1) Direct Acting Regulator

In this type of regulator the voltage sensitive

L&

element is an electromagret the armature of which is bale.
anced against a opring. The resistance element which is in
the exciter field circuit is conneetdd directly to ths

armature and forms a part of the regulator assembdly.

As the control voltage changes the armature chan-
ges 1ts position and adjust the resistance element in such

a way so as to restore the controlled position.

The volitage sensitive element of thie régulator
is a polyphase torque motor with a phase wound stator and
a squirel cage rotor. The torque 1s proportional to the
approximate average of the three phase voltages., The torque

of the motor being dalance against the pill of a helical

31
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spring, 8o that for each value of the voltage there is
a particular position.

(b) Static Voltage Regulators
(1) Inpedance type regulator

It conedstes of linear and non-linear impeda.
nces. The three phase voltage is connected into single
phage and applied to linear and non-lineer impedances.
If the phases are balanced then equal current passes
through linear and non-linear elements and if unbalanced
then different current flows in linear and non.linear
impedances, The difference of two currents is applied %o
the contrel fiecld windage to obtain the control voltage

of its previous value.

(i1) Pransductor Type~voltage Remlator

Voltage regulators using magnetic amplifiers
are developed which cen serve the purpose of voltsge sen-

sing end power ampliification.

(141) Eleetronic Type Voltage Regulator

These can be used with rotating amplifiers in
an excitation system with rotating exciter or directly
with an electronic exeiter to control the grids of the
firing tubes which fn turn control the firing point of
the main power tubes.

In general static regulators are better as the-

88 can provide faster and accurate control of generator

exciters, In the analysis to follow ampliéyne voltage



rimlatat iz considersd the operation of which can be

explained a= follows,

The terminal voltasge of the synchronous machine is
tapped and applied to a potential trms{m; the output
of which is connectsd to a rectiffer unit., The output of
the rectifier unit is applied to the comperator unit, The
cmpur:;tor unit compares the voltage received with the
reference toltaga and gives an output as the difference -
of the two voltagen. The comparstor unit may bde of the non.
1inear bridge type which reguires no separate reference
" voltage, a magmetic amplifier type error detector which
provides smplification as well or an electronic ctrouit
using a gero diode or a ¥R tube which supplies the referw
ence voltoge, The error signal so odtained $s applied to
the control winding of the emplidyne. This voltage profuces
a flux which acts in 3 direction oppomite to that produced
in the refrence winding. The Adlifference of the two fluxea
Iinks with the ehort circuited winding of the anplidyne
and induces some woltage in it, Since the fmpedance of the
short circuited winding is small hence a heavy current
flows which produces the flux of considersble magnitude
which when linked with the output winding produces a volt.
age of a value ojual to K.p times the fnput voltage to the
machine where K»n,is the voltage gain of the smplifier,
This output voltage is applied across the field of the exci-
ter the output of which controls the excitetion of the field
winiing of the synehronous machine. Thus, any deviation in
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the output voltage of the machine s conveyed to the exci-
ter which adjusts the excitation accordingly and tries to

maintain conntant voltage at the terminals of the machine,

An expression for the Input and output of the ampli.
dyne ig derived as follﬁwsl3;'

As shown in fig.(3.11),

e = I:g%%-fv;

Ko e

Ve = Kog(Beeey)

From equation of set (3.11)

Ry1 Kpokys (Bomey )

¢ = o) (Lol (Do) v (3.28)

The equation (3.12) cen be written as

oo {3.13)

where, 2
Ay = e A S
17 1) 015

2
U2 Tm"""r.wg %‘Tm‘é“?"}‘.; s
2
Kp3T3

g & — »
b3 Tt g)

vo (3.14)

Pigure (3.12) shows analogue set-up representing
equation (3.13).



The parameters to be optimised in the above equat.
inns.aﬁb Ky the regulater gain and Ty the time
eanatanf of the control field wiﬁding. These parameters
can m optimised simply by changing the coefficient A
Ao Agv and studying the effect of fheir variations, The

ranges of variation of these parameters are as follows.

(1) BRegulator gﬁin Kx values from 30 to 40 in
stepy of 2, A '

(2) Ty the‘timé.eanétant of the control field wind.
ing veries from 0,2 to 0.4 seconds in steps of 0.1 secord.

The teble nd.s -gives the values of A,y Arz and
Ay for various values of Kp and Tg.

3.2 Angle Regulator

It 1s a device which when used with the synchron.
ous machine mote as a regulator for varying the excitot-
fon of the machine. Wnen the load changes in the system
ocour, the angle between the rotor interpole axis and
& synchronously rotating reference changes, The angle
regulator tries to restore the rotor axis to its previous
position. The various types of amngle regulator and their
influence on stability has been analysed by various aute
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 generstor

it seems reasonable to maintein constant voltage over



Tgble Wo ;3 -
S.Fo.], Kn Ts | A App ‘rg_m“
1 30 0.2 65.5 1,11 -26.7
2 32 0.2 59.1 | 1186 -28.4
3 34 0.2 62.9 |1.26 |-30.2
4 36 0.2 66.8 1,33 -32.0
5 38 0.2 70.2 | 1.405 | -33.8
6 40 0.2 76.0 | 1.48 «35.6
" 30 0.3 83,4 0.666 | -54.0
8 32 0.3 89.0 071 | -87.6
9 34 0.3 94,5 |0, | -61.2
10 36 0.3 100.0 0.8 -64.9
11 38 0.3 105.8 0.846 | -68.5
12 40 0,3 | 111,0 0.89 ; -72,0
13 30 0.4 166.5 0.477 |-137.0
14 32 0.4 178.0 0.509 |-146.5
15 34 0.4 189.0 | 0.54  |-156.8
16 36 0.4 200.0 0.573 |~168.0
By 38 0.4 | 211.0 0,605  |-174.0
18 40 0.4 222,0 0,635 |~183.0

Cre
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their entire operating range rather than constant load
angle. Thus, 1f the angle regulator ié used it has to
be biased by a voltage regulator during ites steadyetate
operation. The stability of regulator and the improve-
ment in the etability limit of the system is found to be

almogt of the same valuolial,

In this the feedback signgl proportional to engle §,
velocity g%-'and acceleration g;&-at rotor is used for
controlling the excitation of the machine. The feedback -
signal is given by

Kyss + Kpghb + Kygp's
Whem’

Kia, Eﬁ& Kﬁa are constant,

This,aignai is applied to the amplifdyne (as expl-
ained earlier), the ouvput of which is connected to field
winding of the exciter,

Therefore,

.2 |
(Ky 5 84Kn s DB+K5 P 8 )K
epq = !1*T1P5(1352p531+§3p5 * 9230 o (3.21)



4,1 SINULATION OF THE GOVERNER

Governers 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 dnly an increase
in the transient stability 1limit but-also an- inerease in
the -transient stability linit but also an increase in the
time after the cccurrence of disturbance during which the
governer can adjust the input power to the prime mover
and make the difference between input and output. power
gero., Thua, the governer plays important part in improv.
ing the transient stability limit of the eystem,

Earlier, the stability studies disregarded the act-
ion of the governer. The studies were based on the stabe
111ty during the first swing with constant input power and
the turbine assuming that if the machine is stable in the
first swing it will be stable in subsequent swings to00.
However, such an assumption is not always justified as
the govermer mechanism and the turbine itself offer a
certain time delay in their response. With the develop-
ment of fast acting overners with a small dead-bdbani, the
performance of the turbine and the governer necessitate
a rigorous treatment.

- This section suggests a méthad of simulating the
governey with its time constants and the turbine on the
analogue computer., As was stated in section 1,4, the

turbine chargeteristic is considered linear,
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Governers are slow in action because of the time lag

introduced in the movement of mechanical parts.

A typical governer used with a steam turbine is
ghown in the fig..(4.11)’15'. The complete system can be
sub-divided into four parts.

(a) A mechanism which detecte the speed change,

(b) A mechanism for transfer the change in the
speed to the throttle wvalve mechanism,

(¢) A mechanism for controlling the input to the
turbine, |
(a) A turbine responding to change in its input
conditions by a change of speed. ‘
Governer is connected to a shaft running at about
one £ifth of speed of the prime mover. A pump provides
a constant high pressure oil source at A and this oil
pasces through the adjustable part B, to the drain, When
the speed changes, the actuating mechanism either opens
or closes the drain port for increased or reduced speed
réapaetively 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 thus the ghaxt spoed is either reduced or
increased. A time delay is introduced firstly because of
the length of the commecting pipe between actuating and
valve mechaniam and secondly because of the servo-system,

Hence, while considering the performance of the governer



two time constants are token into account,

et T4 = Time constant of oil servo system,

Tg = Time constant of actuating mechaniem
and valve.

Assuming a wvelocity governer,

G,p
(14pTy ) (1475 .
Where,
T4o = Input power during steady state,
Ty = Input power during transient state.
let,

G 4
(1‘*1}'}34 e 5) = i%'f; M 4&?%55) e (46‘-2)

Solving Ay ard Ag in terms of T,, Ty and Grg where,'

a7
A -]
> er (4.13)
G
(r,-7g) :

Substituting the v-lues from table 1,
Ay =8 A5 = 28 ee (4.14)

S0 equation (4.11) reduces %o
Ty =0 fad - + Aﬁ :l pa . (4015)

The parameter to be optimismed in equation (4.11) is
the governer gain., Table 4 shows the optimization scheme

40
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for the governer. Fig. 4.12 shows the analogue simulation

for the equation (4.18) where,

R R

+ = M:L --"?. = nai

R .

4 R
Teble 4

1. 20 5.0 25,0
2. 22 -B.5 27.5
3. 24  -8.0 30.0
4. 26 6.5 32.5
6. 28 7.0 35.0
6. 30 7.5 37.5

4,2 DEAD BARD

The ‘'dead-band! applied to the governer means the
region in which the governer is insensitive, Because of
the friction of the moving parts and the time lag the
governer cannot respond to wery small changes in the
speed, The dead-band of the governer may be %Z or so. In
order to take account of this a diode function genevator
is uped as shown in the fig. (4.13). This function
gonerator 1s connected at the input point of the governer
sete-up. The characteristic of the function generator 1is

alsc shown in the figure,

Joma
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6.1 SIMULATION OF TRANSMISSION LINE

» The transmission line 1s represented by a =

network as shown in Pig. (6.1)

e, and Yo represent the machine terminal volte

| sge (positive sequence) and the dbusbar voltage. Hence,

ey l-8y ~wyl=b.

et" ———— ’
"TEaloy T erelop

Referring 1, ey and v, to the divect axis and

quadrature axis of the rotor of the machine we have from

equation (5.1),

{: 086y 4 . coaem aineu . sinelo:{
s = "
d ETIIRRET] | I qf Er
00891 8ing
T'—T'z‘ d 'r-";]"? Vq s (502)
1 - 355911 GOBOIR] [S 11'1911 + 51”&12 ]
[221] * Tegal 12y 41 12191
0864 o 81!19101

T_—,T Vg * TE—éT \7] os (B53)

Equations (6.2) and (65.3) represent the steady state
rélations between {4, 1q' eq + eq, vy and A\

The relations are obtained only after neglecting
di _ ded de dv! dv

terms OOntaining at ! dat ’ dat H dt dt and n
in comparison with terms containing wig, Wiz, woy, we,
WVq and wvq,

During the unfaulted condition g),=390= = as the
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lino io roprosentod by its serics impedance only (A
long line ccn also be represented, in which case 2449

ggo Will be finite and equal to

1 2

wvhere,
g = total series impelance,
¥y = total shunt fmpedance,

%30 will thon be equal to tho total serics
iopodance botwoon the generator bus and the infinite
bun,

~ Under fault conditions the values of £y4 and
Sgo con be coleulated from the soquence disgrenm as
chown in £ig,(5.2) vhore g, dopords upin the type of
fault, as choim in the following table.

Type of foult B¢

TG | gg-tzo
L5 2
DeIuG S92,
Zp4,
3% fanlt 0

wt?am. gs and zé are the total negative sequence and
gero ae'quemce impedance botween the fault point and the
neutral.

Aftor the fault ic cleared by the operation of the
proper cireuit breakers, g14+819+8p0 %11l attain nev values.



In appendix 3 the values of gy » Byp» %pp BTG

cleared for the faulted, unfaulted and the fanlt.cleared

conditions., These values are tabulated below,

21z

Type of fault By | 522.

Prefoult - w 0.301 {85,250

During fault

(1) -6 0.406|88,96° [0.82(81,8° |0.40|g5.6°
(11) T1, 0.294|86,75° |0.59|81,45° |0.456|86°
(111) 1-1.G 0.171189.68°  10.345|82,6° |0.725]88,7°
(iv) 3 fault 0.1]g0° 0.202|82,8° | =

Post fault e o 0.403|82,9°

- 1

The equation (5.2) and (5.3)can be written ae

idﬂxied+xgeq.xgvaaxgv§
14°K50q K58 q-%nVq*Ke¥q
where the constants Ky Kg +e»s Eg are calculated in Appendix 3,
and given in the table below,

.o (5.4)
os (6.5)

Type of fauly | X2 ke | K17Kg | Ks7Ky @ [Ke=Kg
Pre~feult 3.32 | 0,274 0.274 3.32
During fault |
1) L.G 4,96 0,23756 0.192 2,18
11) L-L 5,58 0.345 0.163 2,10
114) L.1.G 7.22 0.146 0,103 1,37
b & faul 1o o o o
Pontefault 2.46 | 0,306 0.306 2.46
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BEquations (5.4) ard (5.5) are represented on

the analogue computer as shown in f£ig. (5.3)

6.2 FAULT REPRESERTATION

For simulating the fanlt on the transmission line,
impedances 24+ B4o and zéz have to be changed twice ,
firstly, on the ocourrence 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 way of tackling this prohlem would be

1, 1To set the gain of amplifiers numbered 26 to 33 for
steady-state value and record the voltage, current and

porer at the terminal of the machine.

2. Stop the computer and set the gain of amplifiers
mumbered 26 to 33 to faulted value and adjust the dus
voltage an? input torque till the conditions achieved
are the same as that obtained at the end of prefault

cage, Run the computer for 1 or 2 secs and record the

~quantities for the faulted cages.

3. Stop the computer and change the gain of amplifier
numbered 2633 for post-fault case and readjust the

busbar voltage and the input torque till the conditions
vachieved in the circuit are just the seme as that obta
ined at the end of faulted case for a particular durat-

fon of the feult and record the deaired 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 providinga large
number of contacts whereby the operation of the relay
changes the gains of the amplifiers numbered 26 t» 33.

To represent the fault and its aubsequént clearing
*he values of K4 K5 +.. Kg have to be changed twice.
This change is brought about by changing the gains of
the amplifiers numbered 26 ﬁg 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
81y 82 «+s 8g 8nd Dys by ...v.. Dy are thé contacts of
the relays A snd B. The relay B is operated by a time
delay cireult shown in fig. (6.5). The contacts by, bp...by
close after a pre-determined time after the ajj,ag... ag

contacts close, The operation of relay A is done mamually.

As no time scaling is done on the computer, the
computer time represents the real time, Here the time del.
ay in the closing of contacts by, bg ++s bp 15 made equal
to the time of clearing of the fault. Hence, the effect
of fault clearing time can be easily studied by changing
the zettings of the time delay circuit resistance R,

The final get-up representing the line and the |
fault 1s shown in fig. (5.4). The value of the resistan-
ces to be comnnected by the contacts ajs2; .., ag and
bysy b «.. by are calculated in Appendix 3,



Calculat ion for the Negative

As the negative sequence current in the machine
1s agssumed constont during the fault, it is necessary
to calculate the initial value of thevnggativa sequence
currentsfor this the machine is represented by £; and
E&( trencient voltage bvehind x;). The negative sequ~
ence current is calculated from the sequence diagranm.
The negative sequence torque is represented by a

constant voltage on the computer,
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8. SIMULATION OF ILOAD (INDUCT ION KOTOR)

Various methodalie' have been used for deter-
mining the transient performance of induction motof.
Analogue simnlation'ul is most suitabvle for carrying
the atudf of any transient and unbalanced operation of
the motor. Following assumptions are made in represent.

ing the motor on the computer.
1, FPriction and windage losses are nogligidle,

2, Bddy currvent and hystresis losses are
neglected,

3. Saturation in the motor 1is neglected.

4, Parameters are assumed to have constant
value for all conditions,

B. Megnetising reactance X, 1s neglected.

€. Rotor has the ssme number of turns as the
stator or hae been reduced to the equivalent
80 that the rotor constants, currents and
voltages may be expressed on the game basip
as the stator,

7. As wes pointed out in section 4, the posi-
tive and negative sequence torques are calc.
ulated from the equivalent eircuits. Hence,
it is assumed that the electrical transient
in the machine are much faster than the

electro.mechanical transients which change
the slip.

The positive sequence torque for the motor is

derived from the equivalent circuit shown in f£ig.(6.1).
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From the equivalent circuit the terminal voltage
oy = By +(Ry+3%g )15y | .. (6.1)
The voltage induced in rotor,
8Egy = (RptdgXr)Iyy
or Bgy = (Rp + 352 R.IX)Ty e (82)

The equation is represented by the equivalent

circuit of Pig,(6.2) where the power absorbed in R,

represents the (w-losses of the roter and 6-1--_‘-‘»;;- ,

represents the power output of the motor. The equiva~
lent eircuit s’hown in fig. (6.18) takes the form of
(6.1c) by neglecting the magnetising reactance X, which
is very high in comparison with R+§X,.

The power output of the machine is given by
p=3if R I - e (83)

and hence, the positive sequence torque output,

SRy

, P 2
‘1‘1 = K T"“ Irl e (604)

18
where, K i3 a constont depending upon the unit employed,
As the fleld producert by the negative sequence
torque rotates in a ‘d irection opposite to that of the
positive so the expression for the negative sequence

torque is obtained by replacing s in the expression

for positive sequence torque by (2.s).

.'. Tga -—SKRr "éﬁi' se (645)



The negative sequence torque will be assumed to

remain constant during fault period,

Considering equation (6.3)

Ps= 3-’-9- Rr]?"

Substituting,

L [(Ry g P88, o0 (8 4, 21172

. 2
S °s
P R o E -w‘é*cx )

i GERE+£+2aRsﬂrm (x +xr)

Pe (s-a )Ry W—[‘R-g

+ (xs+xr) ]+R£+2838Rr

Ke'glecting a2 term as it is very emall

£ 2
e, e,

P=g - 5 vo (6.6)
T eRte e

The equation for motion of the motor can de written

ag
2 -
3 ig = Tl s

Substituting Tgl from eq, (6.6)

Jaze o ‘°ﬂ2;
= p e +7
&tﬁ T &. g2
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2
2 e
d's _.ds t
5 2Ry
Iet,
wod = ()
Ry g
Above equation reduces to
2
A8 e
2 _ea] - =t 4
%s L6 T ds
er t a..m'.'m..'c‘s-—uadt .o (Sc’?)
dt 1 €0 1 A

The analogue simulation for eq.6.7 4s shown in
fig. (6.2). In the stability study of the machine the
slip e is applied to the recorder and the veriation
of the o1ip with time {5 recorded, If the slip increases
upto point y as shown in f£ig,.(6.3) and then decreases
the machine is having 1ts stable operation if slip goes
on inereasing upto and beyond point 2z then machine is

unstable.

The total current drawn frow the synchronous machine
is equal to the sum of line current and fault current.
Pigure 6.4 shows the analogue set.up for adding motor

current with line current to get total current.
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7.2 SCALING

Because of the limitations imposed by the elements
of the computer for linear operastion it ie necessary to
relate the problem varieble with the computer wvariable. Since
the variables in ecach system hag very reel limitation on
their possible magnitude and rate of change with respeet to
tine, the corres}mndm@ variables of the gystem are rela.
ted by mangitude and time acale factors. This can be expl.

ained as follows.

Yoltage Limitations

A well designed opsrational amplifier has a wide
dynemic range in which the output voltage varies linearly
with the input voltaege. Because of the saturation in the
amplifier the output voltage becomes non-linear. So the opere
ation of the amplifier ﬁqyand the linesar range introduces

arror.,

Minirum Voltoge Iimitation
The range of operating amplifier should not be mo

low that the magnitude of ervor voltage (random noise volt.
age) becomes appreciable compared with the operating signal.

Slow Speed Idmitation
(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 intograted hence, the error tends



to duild up.

(b) Hish Speed Iimitation

If the varlation of the variables in the prodlen
takes place at faster rate than the computer time, time
lags occur as a result of phase shift in computing eample
itier. |

So, we conclude that the voltage applied to the
computer should heither.be too high nor too emall and

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

Since the frequency of the tranmsients occurring
in the system is small of the order of 2 oycles per second
hence, time sealing is not necessary.

7.2 Sgaling

Assuning the computer operating voltage as 10V
and following variations in the quantities flowing in the

eircuit.

%10 10
¥a Yy
¥ %
Od 2e d
) ZQQ
14 101,
h § 104

D3



continued

¥e proceed for soaling as follows,
1,085 0.06
a® Entm') + 0.209- m—séml 1
+ : .
[(,4-3. p)°~ +0.0 Qp)}

1 p.u. of i3 =1 volt on computer,

i pau. of ¢ = 2 volt on computer,
ALt =e , p= 0, For 0.9928 - 1.0 p.u. of current

¥a = -0.644[1.088-0,064+0,209)x1 + 2[1,004
~0.004|x1,647
= .0,774+3,09
« 2,316 volts

Also at p= Qand ¢t =«

Vg™ =%g 4a + G(p) ®

= -1.&:0;84:4*1 154"
= 0,778

S0, 0,778 units of Y4 are represented by 2,318 volts
on computer. Hence 1 p.u., of Y3 15 represented by

6'"3”5"’ 2,99 & 3.0 volts,
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Seale for Y,

.45 1

0
Yo = ~ [T+ 0a375y ~ 038 4

1 p.u, of 1q is represented by 1 volt on the

computer., Thus, at ¢t = w,p =2 0

Qq = «0,4520,754-0,3820,754
Therefore, 0.604 units of $§ are represented by 0.604
volts on computer. Hence 1 p.u. of g = 1 volt on the

computer.

Scale for ey and °y

+"« 1 unit of ey 15 represented by -1 volt

on computer,
eq = #Wd

1 unit of L is represented by 3 volts on

computer.

Scalg_for ey

ey =YV .2 . 2
t ey ¢ eq

= V 12 + 32
= 3.18 volte

“0s 1 unit of ey is represented by 3.15 volts on computer,



it_mle for ﬁ.a ond 19__

xaaulod+xgeq-r;3vd-névq

tq © % 0g = %6 % = Ty Vg * Bg Vg
Por profenldt sase

By © By = g © By = 3,37,

By = = By © By = 0,77

o' e f5 © 2.074% (1 193.3723.0,794x1.3,59208 ,
o 2n3 .32
c (3,000

»"« 0,800 unite of iy ove roprocontod by 06.092 vollts

on somputor,

1 unit of 43 40 roprecemSed by

2 ‘%f%:‘% s 3,19 volto

i oon bo cdjusted by reduciny the roin of auplifier
0,23 by & £:etor Fg, = 0.100 volto,

%3@10 for 8.‘1

1Q 20,87 8 3 - 5,8 xn (s-l) - 0.%7¢ 21 & J.67
o 0,648 ¢ 6,02
e 7,168

7.¥66 p.u. of tq ore roprocented by 7.158 volte on conpulor
; _ a6 .
& p.u.of 1q io ropresontced by © %%%- 29,6 volto,

Thio gan bo adjucted by redueing the goin ceroso
¢ho cnplifior Uo,?2 by 9.5 timon or 92.108,



Ter = Va 1g = ¥q 1q
Therefore in steady sgtate

= 3,0x0,764-1x0.664
e 2,268.0.664
= 1,696 volts
«'. pou. of Tgy l¢ represented by = 1,596 volts

~ 1,6 volts on

computer.
Te2
For prefault ‘1?82 = 0
During fault = Ty(Rp-Ry)
- (1.075)%(0.1)
= 0,116 volts
} pou. of Tg; = #1.596 volts
0.116 p.u. of T, = 1.69x0.116 = 0.184 volts.
Yoltare Regulator

A I 4
0T l‘f’*ﬁi‘)" gy H%) |, - °e)

From the optimization table for voltage regulator in

Chapter 4,

At t o p=o0
¥Maximum value of Az*Aa*As = 40

Choosing 1 p.u. of E, = 4 voltse,
e = 40(4.0.3,15)=40x0.88 = 34 volts.

3



From assumed data
1 paa, of 8 = 2 voltse,
This is adjusted By reducing the gain of amplifier No;l9
by the factor =5+ = 17,
Scaling for eq

or peﬁ = %(T 1*Te1 )

.. % = B(6-1.896) = 0.636

The oscillations of the rotor angle caen be expressed as

6 = Asin wt where A = constant,
. wm 2t ‘
+ '+ D6 =¥Asinwt £ = frequency of
2 2 rotor angle
pd=wahisinwt, oscillations

Assuming rotor frequency of 1 cycle/sec and A = 4

P'smam =8 %
s 1pu. of pp = 45 = 2,62
pzénax. = 4 ’“23‘4
_ 2
1 pu, of p 6 = 16.8 volts.,

This is adjusted by increasing the gain of emplie
fier No.21 by a factor %'?'ég'ﬁ = 25,

ale for Governe

*s
1% Tao [F«*‘fﬁ‘:) ' W]“
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During optimization Ag + Ag = 30
Als=o pbé = 2,562
"o Ty = 4-(30]2.52
Ty = 4-78.5 = 71.5

Assuning T4 = 4 this 1s adjusted by reducing
the gain of amplifier N0.20 by a factor '-’-1-;-5- = 17.8 times.



7.2 STUDIES

In thio ncetion tho various types of stability studies

defined

out the

in gection 1.1 will be considered. Before carrying
stability studios on the computer it has to be set

for the normal steadystate opar-tion of the power system.

This ig achieved as followa,

Patch up the diagram showmn in fig. 7.1 on the comp-

uter with,

RyCj = 0.5  Rylp = 0,05 RyCy = 0.2
Relg = 0.1 %05 = 08 Rglg = 0.029 RyC,=0,0637

R, R, a R
T~ T R A
H B B R R Ry By
and set the coefficient pot settiﬁg and perform the steps
given btelow,
i,

2.

4.

6.

Open the angle rogulator switches Sg, 95, 563

Opzn awitch 51 end adjust the initial value
ecross the ampliffer Wo.12 corresponding to 6=8,
celeulated in Appendix

Opsn suitoh Sg,S3,54 and Sy and adjust Vy=1.0

Ajust B, to get e equal to the no load exci-
tation voltage as calculated in Appendix 4.

Close switch Sg» 53,54 and Sp and measure e,
and adjust Ep so that ey = 1,0,

Read off the value of {4 &gﬁfiqzat the output
of amplifier numbered 22 and 23 and verify it
with that calculated thooretically in Appendix .
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73 Adjust T4, 50 thet T4=Ty 1.e. gero voltage
at the input of amplifier numdberod 2%,

8. Close the switch 31‘

7.4 The computer is nov set for the balanced steady
state opor~tion of the system. The various studies are

carried as follove.

7.4.1. Steady S¢ato Stability
For carrying out this study change the input. Tio

gradually and record the variation of T3 with 8(Rotor
angle ). This is done by feeding the output of amplifier
numbered 12 and 20 to a xy recordor., Go on changing’wio
in gradual steps and record the corresponiing variation
of Ty Versus &. From the records the maximum value of
T4 for which the system remains stable gives the uteady-
state stability limit,

7.4.2 Dynanic Stability

For carrying out dynamic stability study the value of
T4o 48 first adjnaté&.to gome steady state value and then
changed in a small gtep. The variation of T4 with § is reec-
orded, The maximum value of T; for which the system rem-

ains stable gives the dynamic stability limit,

7.4.3 Trapsient Stability

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 descrided earlier for



the normal operation of the system.

(a) Set the gain of the amplifier numdered 26 to
33 to a value depending upon the type of fault under

congideration.

(b) Adjust the time constant of the relay circult
shown in fig. 5.5 equal to fault clearing time.

(c) Operate the relay A with the help of mamual
switch and feed the output of amplifier numbered 12 and
20 to xy recorder. From the records the maximum value of
T4 which the system remaing stable gives the transient
stability limit.

The stability of the system can be determined by
rocording the variation of & with time, If the oscill.
ations in & die down then the system is stable and if

they 1increase, it is unstable,
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8.1 REPRESENTAT ION OF MUITI.IACHINE POUER S’ISTEIJ
ON_ANATOGUE COLIPUTER

It in possible to represent the performance equat-
fon of cach 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
to0 obtain the overall performance of the complete syctem.
Transformation of the various components into a common

- reference frame is carried out in the following steps.

(a) Establishment of the basie reference frame and
ropregsentation of each component with respect to thisg
freme. Usually the cross-field reference frame of Park's

or d.q axis 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 referénce frame as that of a machine with the

highest rating or the machine which is most stable,

Thus, 4n 2 n machine system the frame of one
machine is chosen as the reference and remaining (n.l)
nachines are expressed with respect to this reference
frame .This transformation being necessary because of the
different orientation of the rotors of the (n-1) machine

in the systen,

For elear understanding of the simulation of the

mult imachine we proceed for the analysis of the two
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machine system as shown in FPig. (8.1)

54 and 8o being the angles between the quadrature
axis of machine (1) and (2) anﬁ the rotating reference
freme and &1p the angle between the quadrature axis of
machine (1) and (2). The voltage traneformation for the
two machine system is selfwexplanatory from the vector
d fagram of PFig. (8.2). In the vector diagram shown o
is the common voltage at the 3unetibn of the two machine
and 64, 841 ¢ %42 g2 represents the components of

the voltages e along d; 91 and 4y, qp axis,

In the block dlagram of Fig.8.3 assume some value
es of 04, and °q1 and record 1, and lql' 830 and 92
are obtained from the transformation of the ®a1 and aqlA
with the help of analogue set.up showm in Fig.4 and -
hence 1&2 and 1q2 are also known. i3 and 4 q2 2Y° trang.

formed inxo 1d2 and 1&2 and added with igq and iql
to obtain iﬂx,a“d.iqL' How 144 ond 1qL are 1mpresae&‘
into the load cireuit to get e,y and eql_which wore
assumed iniiiallw and thus the whole system works as

one clozed loop.

The voltage of machine (2) can bo expressed dn
terms of the voltage of the machine (1) by the following
relationship,

eap =-eq1 ein512 + 039 08510

82 = €q1 CO8gyp ~ 941 Sing o
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An analogue set.up for these equations 1is

shown in Fig, 8.4.

Irangformation of Currents.
Fig. 8,5 shows the transformation of currents.
The load current {3y and iqL is calculated with the
relationship given by the following equations,
iy =41+

¥

;qL = iqlfiQQ

far = Ya1*lae

From the vector diagram,

gz = dgp c08540 + 139 8ing,
| ;

1&2 = 1s0 COBgypn = 1q2 sin612

La1, = Ig1*igecosgyo + igp ®ing,

idn = q_2+162008612‘-1q281n612

8.2 SIMULATION OF MACHINE

The equation for the synchronous machine derived
from Park's reference with the assumptian‘maée previously

may be written as follows.

For M/C(1)

a2s

Tn=H & + Ty1,1 * Tua,a v 1)

1,17 Ya1 1q1-¥qataa

Tyz,1= By (Ray-Rgy)



An analogue set-up for theese equations is

shown in Fig, 8.4.

Tra ormat 0 rent s,

Fig. 8.5 shows the transformation of currents.
The load curremt {3, amd 14, 18 calculated with the
relationship given by the following equations.
L}
;QL = 1q1f£%2

a1, = Y41*%a2

From ths vector diagram,

+

lgg = 4 08590 + 13 8inge0

¥

iﬂa = 150 COBcqp = 1q2 sin612
qu = 1q1+1q2¢08612 + 1&2 811'1612

1d1, = 1q2*1d2°°3612'1q281n612

8.2 SIMULATION OF MACHIWE

The equation for the synchronous machine derived
from Park's reforence with the assumption made previously

may be written as follows.

For H/C(1)
a2
Tn =% d":)""t,- + Ty1,1 * Tys,a e (1)

1,17 Va1 fq1-Tq1ia1

Typ,1= B1 (Rpy=Rgy)



o3 = a1 ~ Yq1P9y
eq1 = PYq1 + Ua1Poy

egy = Plg1 + Ya1p8y

For 1/S (2)
%6 |
g = Mg g+ Tuy,2*Tuz,2
£

Tu1e™ Yaolqa-Yqzlan
Tuge® Tg,z(ﬁe,z ~Ryp)
egn = Plgz - Uqopos
8q2 = Plia * Ya2rez

8.3 SIMULATION OF IOAD

The equations for the load circult are written as

follows,
ey = ol ~ BLly
ey = Py ~ Rl
e, = pl?c - Rl,ie
where,

Vo = ¥pta Ty =X iy T = Xgi,

These equations when transformed into d.d4 axis

components give,
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°ar, = X1 P gy = Yi 447 P9 - By Y4,

Neglecting the transient terms and assuming po
equal to unity we get, |

A suitable analogue set-up for these equations

is given in Fig. (8.8).

8,8 SINULATION OF TRANSMISSION LINES

Transmission lines are simuleted with the following

eguation,

L §
8, =8, + 1g(Rt +p Xt)

L
e, = ey + 1 (Ry + p Xg)

4
e " e, + 1, (Ry + p Xy)
]
where, 8, and e, are the voltages at each end of the

trancmiseion lines,

These equations when transformed into d-q9 axis

yields,
» ]
eq = Plgy ~ YqePO - Ry 454 + °d

oq = Pyt *+ Vag = Ry 1gy + €
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~ Where,
Tas = Xy ta¢
Vot = % gt
Neglecting transient terms and putting po equal to unity
we get,
ea = 0 * Ry lgy = Xy 1oy
eqceq‘rgt i‘qt -rxq L3¢
A suitable analogue representing these equations is
shown in Fig. 8.7. ' |

8.5, SIMULATION OF MULT IMACHINE sysren!18

Tig. 8.9 shows the bloc’k disgran for the pulti.
machine system of Pig. 8.8, Inthe system shown in Fig,10
the frame of machine (1) is chosen as the reference frame
then for representing the all other machine of the system
with respect to machine (1) it is not necessary to exp-
ress each machine with reference of frame of machine(1).

4 i sfrroad
In the aystem shown the machine (§ )Zwith respect to
nmachine (ﬁ’) and finelly the frame of machine (ﬁ’ ) is
roferred to the frame of machine (1) thus making the sys-

tem more economical,



Appendix-J

Sudstituting the data given in Table 1 the express.
ions for xd(p) xa(p) and G(p) of equation (2.18)

2 2 2 2 2

P (x1134%,09~?Xr10%a1a%ara e 265018 *P (XapaT1a a1 4728
14 < ’

P (Xy1a%pea%r1a HP (X114 paXepaT14 )P14 20

(0,21 )+p(121x10~P+22x10"3 Je22x1 0™

%3 (p) = %4~

)

2
, 0,2p  + 0,0211p
0.21p +0.02321p+21x10"

2 -6 2

or xd(p) = 252p +0,02781p+26,4x10 - 0,2p ~0,0211p

0.21p +0,02321p + 22x10°

2

> + =6
or xd(p) = o,oﬁeg t_o_,oasngvrzg,gwa -
0.21p +0,02321p + 22x10~
8 6
0,052x10 pz + 0.00671x10° .
26.4 '
xd(p) = - , 1.2
ogz; % 10%2 + g;zzm p+1
2 r

x4(p) = ...3.2221_%_5'.1“ + 1 1.2

9560p +1055p+1

+2 1+8p)
() = ~fipiSallon) 1.2 eo (8-121)

Comp=ring this expression for xd(p) with the one

given in equation 2.22 we get,

14 = 248 Ty = 8



T4, = 1026 Ty, = 9l
P2 oa,

%q(p) = xq =
PXi1q* Tiq

Substituting values from Table 1,

xp(p) = 0.8 - —BE%H o

v =

;]
Tq

G(p) =

a +

0,0%2.0,38

0.8p+0.04

28p +

Opap +

032
0.04

{1 +8,75p)
+8

Comparing with equation (2.22)

= 8,75

"

qu = 20

P (X113%era~Xe1a%a1d *Xq1a%14

b4 .
P" (%) 9a%pra~Fe1a )¥P (%1 1a¥ea*2prar14 14724

Substituting values from table 1,

or

or

or

or

G(p) =

G(p) =

G(p) =

1,1x1,0-1,0%1,0 }41,0x0,02

70

P°(1.1x1.11.0° J+p (1.0%0,001141,1x0.02 )+0,02x.0011

G(p) = “_m_.FQ&&nﬂQ;Q§-~__._..

0.21p "+0,02321 p+0,000022

 SpHl

9550p°+1056pkl 22

5]

- (1+1025p

+ - -
(15,15 910]
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Comparing this expression with equation (2,22) we get,
? "
Tia = 6 Tgo = 1025 Tap = 9.1
K= 910

The values of the time constant obtained in equation
(awl-1), (omi-2) and (a-1-3) are in radians. Converting

these values in secl we geot,
]
Td = %%2— = 0,79 sec.

"
Ty = 2r, = 0.0256 meo.

] 5 -
Tao® 1%% = 3.26

" -
Tge® S5 = 0.029 sec.



From equation (2.22)
] » "
xd(p) = xd - L
(1424,0)(14T4 ,P)
L ] )
(14T4p ) (1474P) . M . A
L g 1 v L
(14T 4P) (14T4 D) (1424,p) (1424 ,0)
" 0. o 1 W " ‘
or L4p(Dg+Tg #p TgTg = Ap+Ag+p (AT, +AT4,)
Ist,
4 = 1+a3p
Ap = Agp

Substituting in above equation we get,
LI ot " !
14p(Da+la )4p TyTy = 1**39*‘4P*P{§*A39)Tdo*A4PTdé]
(N R 2 B " " '
or 1+p(Td+Td )+p wad w 1+p “5“‘4"@&0 )"rpz (%Tdo“'A&Tdo)
Comparing coefficients,
t # oy 1"
Tty = Ag+aytl,,
] " " ]
Ta Ta = AgTao+84%9,
! \ 1" L} "
Solving for Azs Ay in terms of Ty Td ﬁdo and mao we get,

] " "
Ta*T4-Tg, ]

] [}
Tao~Tao

| ] " "
LI [ mcfl"'rﬁl"'ﬂclr.:]

b= 150 |

t "
A4 = Ta*Tg~Tao~Ta0 .o (8-2-1)

(] =1
Tdo“Tdo

12



o;. a = xd S — L
xalp) = x [(w:dop) (1+4T4,7)

Also,
Sy - - el

P S

1
(14’Tdop ) (1""TdoP )

A
(1+Tg ,P) Tdo (1 + Tyop)

Substituting in eq. (a-2.2) we get,

1+ Asp Agp ]

xd (p) = "'"‘"'""'r"" + Xﬁ[
(1474,P) Tao
x4 53 |
Tdo(“mdop)
Iet, xd[ ] Ag
Tda Tdo
A
xd -wﬁ-u Ag and xdﬁrﬁi = Ay
Ta0
(xA-As )
. o xd (p) - m-:v—-— + - AG
Also from equation (2,22)
1+ dep

G(p) = K ¥ ) ’

73

. (9.-2-2 )

o

xd A,

-
mdo(“mddp)

oo (B=2=3)



T4

Iﬂt’ ) d L = 8! + 9"
(1474,p) (1474,p) (147400)  (147,4.0)
"’ ]
or 14T3qP = Ag*Ag+p(Aglg, + Aglg,)

Comparing coefficients
g + Ag =1
L] 14
Aglae*Aglae™ Txa

* ”
Solving Ag Ag in temms of Ty, Ty, and Ty, we

g@t’ 7 T'
bg = —mo—Go (@m2md)
?do*Tdo
17"
R Tao = Tka
9 = 1 1 )
Tdo‘Tdo
et G(p) = {- A? + Agr ] K (a-2-5)
Similarly,
"
(1+7.p)
xq(p) = —wt— xq
(14740P)
14T, 1 T | 1
Also . - Wt r-]14 -r ]
(1+§qop) (1+Tq°p) Tqo (1+qup)
T
qo A
11}
. 1+7.9 1-A10
PO L | s + Alo

(1474P) (1+744p)



l.
n.q XQ(P) = [___“:1_0 + A'lO] xq .o (8—2—»6)
(1+'1‘qop

As desired in equation (2.17)
¥qg = -xd(p)ig + G(p) @pq

Substituting x4 (p) and G(p) from (a-2-3) and
(a-2-5) we get,

xd .
Wd"[—-—*r-‘z—-+A5-—-——A4§-—)] 1,

i |
(1424,0)  (1474.p)

)

At t = and p=0

xd-Av"‘%*Aa 53&

or Ag = Ag + Ay er (B=2a7)
Also at any other value of ¢
xA(p) = =] e 4 g o b ]
(1424,P) (1474 oP
(14240 ) (14T4D)

bl ¥ "
(147449 ) (14T4,P)
" 1 " .
or - (xd"’A? ) (1*Td°p )*As (1+Tdop) (1 "Tdop )
' ' v " o, 1 N
Comparing coefficients of p on both sides,

" ' " ' L] "
- (Xd-A? )Tdo + As (Tao + Tdo )“‘As Tdo = oxd (Td“'Td )
.e (3—2»8)



76
Comparing pz terms,

] Ll L 1e

]
7, Ty
Bs B X —p——— | e (a=2-9)

Tdo To

Substituting the numerical value in qq.'(a~2~9) and
(a-2-8) we got,
‘ 0,79x0,02585
By = +1.2 <3 36x0.029
By = 40,209

PR 36*36 m *0.209 e (8.-2-10)

«(1.2-Ay )0.029.0.209(3.26+0,029)+3,26 Ag = «1,2(0.79.0,0265)

or 3.26Ag%0,029A = .1,2x8165+0,209x3.289+0,029x1.2
= 0.98+0,688+0,0348

or 3.2644+0.029 Ay = 0,2672

Putting 49 = (0.209.Ag) in above equation
3.2644+0,029(0,209-Ag) = 0,2672,

or 3.2314g = 0.2672-0.0608= 0,P086
or Ag = 0,064

W' Ap = 0,209.0.064 = 0,145 e (9-2-11)

Ag and Ag are calculated by substituting the time
constant from Table 1 in equation (a~2-4)

: .
T - 1
dg = —w—3 o QD936

Tao + Tao

P



or

or

Ag = 1-ig = 1.1.004 = -0,004 e (a=2-12)

So complete expression for Y4 can be written as
- 1,2.0,148 0,06
Yg = - [_ 1+3.26p) * 0-%0%- = +o.ozgpi} 1
1.00 0.0
*[(1#3.23:95 - ll+0.029p]5 ¢

66 0,086
‘?a“rh‘%:a‘ﬂiromid* 1+0.020p) ‘a
1,004 00
lﬂ 33.%6p 029pi} ves (a-2-13)

Prom eq. (2.17)
¥ = -xq(p). 4

Subst {tut ing xq(p)'from eq. (amle8)

— 1.‘.A1
r;q:-!_ . 19 +Aw:t xqj,q

for Alo qu

fubstituting rumerical values from Appendix 10,

8,7

¢ --[ +09637 *Oo43? 081q
I,‘l =< Zi-t-o 0637p) ~ 0.35 14 oo {aw2-14)

17
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Appepdix. 3

Calculations for 211 %22 B

Prom the calculations made in appendix 1 and the
data of the problem supplied following pz;r.:c':snnen:ers[2t

can be calculated,

" N 0.,79x2,5x10"
Xq = X4 "'"F"""T"' = 1,2 s
TaoTdo 3.26x2.9x10
= 0,209
° T 0.0278x10™>
Xg = X —# = 0.8x =5
40 | 0.0637x10™
= (,336
[ ] ]
a * X 0,209x0,306
2 2
"
Xo® 0.3 x4 = = 0,3x0,209

Positive , negative and gerc sequence impedances
of the system are calculated from the seguence diagrama
shown in fig. (a~3-1)

0.025+40.2+§0.309

51*

or g = 0.1225(85,7°
0.3725|20°x0.202 |82, 9°
0.673|87,8°

By = 0.13|85.4°

s *

78
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0.1]20° (0.05+30.3)
J°.1+0. 05""3005

g, *
s, = 0.0v83(82,7°

PREPAULR CAICULATIONS

Referring to fig. (a«3.2)

311 = o Bpp & ®

= 0.301]85,25°

PAULT CALCULAT IONS

L1 PAUIT o
e !
B11 % % *ey
]
s 0.1 +* g_ﬁ.‘ d sy
0 202
= 0,0166+30,2937
= 0.204/86.76°
Similarly,
oo = 0.59]81,46°
2yp = 0.456|86°
I.G FAUID
0.1|80"+0.205 |86.25% 010,02 _ | 90486, 28°
= 0, .
"1 0.202 |82, 9°

- o.omamo.wm
= 0.4055|88,95°
Similarly, |

gp0 = 0.82|g1,8°

73



#p = 0.40(88.6°

L.l FAUIL | | |
o ‘ 0, 0,1x0,0477 ]
= 30.1 +0,0477 + +
8414 = 30.1{900 . |86.85 0.202| o 190486,85
= 0.00118+30.1711
= 0.,1711)|89.6°
Similarly,

820 = 0.345(|82,80
2o * 0.726|85,7°

Reforring to fig. (o.3-2)

511 = o %mm_

s = 0,05+30.4
= 0.403(82,9°

CAICULATIONS OF GAIN OF AMPLIFIER
In the equation (3.4) and (3.5) derived earlier,
-'ain911 . 8indy o

2R Tl Teel
co80y9 ©O804p
225% " Tl Tesl

000913
|mol

ﬂmeia

imol j052 U3

SNTRAL [IIPARY UNIVERSITY O voGrouid
ROORKEE

Ky =Kg *®

>



Prefault

From the previous calculations

81n86.28°

Kp = Tg =0+ = -

0.301

" con8s. 28°
0,301

foek =0

00891
By = Ky = —
812
8ingy g
fo

xﬁ - xb -

I=G Egult

%, = 0.4055|88,98°
S12 = 0,40|85.60

512 = 0.301|85,25°

0.9965

W .

0,300

= 3,32

0.0828
W emm— O 0.27.‘

0,301

= 3,32

sp2 = 0.82{81.6°

' s1n88, 95° 81in85.8
0.4058 0.40
0,9998 0.9970
= 2,46+2,5
= 4,96
' - £0888,95° | 0os85.6°
) Kl = Kﬁ » 4085 N Q«‘O

0185 . 0,0767
- "sot.wLBE‘ Y S

s 0,048 + 0,192
= 0,2378



- 2202 0,9075__
K3 = P = T0.456

= 2.18

LeL-Pgulf

By = 0.294186,78°  spp = 0.69|81,45°
51 = 0,456|86°

. .
Kp = Kg = -24035.00 , 2qndby

o 0.9984 . 0.9978
® 0.20¢ T “C.4B8

= 3,442,118
= 5.68

K =K = mﬁo.ﬁ 0.455

- 3-4+2t18

= 5,58

- (¢ ]
QQQQG,EQ

Ky = K5 ™ 75,204

- 20865 , 0,06
0.294 0.4

= 0,19240,153
= 0,348

008015 o,
Ks = % * 5oaEe '8'38’%7' = 0.163

aal
. cos88”
-0-0.

Ky = Eg - -:T"?— = 2,10
E=l=C Foult
11 = 0.1711]89,8°  mpp = 0.345|82.6°

22 = 0.725/86.7°

8?2



' 0
Xp = Kg = 42028 o alosh. T
'%*o. 251

= 5.808+1.375
s 9,228

L+ 0
3] ggg@,z
K =K= St %
0.043+0,1082 |
0.1462

8

244 0.1 3&?_ S0 = 0,202 lﬁ&,_ﬁi Bp =
o ‘

ky = Kg = B0 - 10

K =K =0

At wF

844 =@ Sop = o ’ ﬁg - 0,403'%_._&2

- 8ing2,9° 0, 9923
Kp = Kg =0+ =505 ™ 5403 ™ 2.46

20
, 8z 0,1236
Ky =% =0+ SO - B38R° - 0308
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R4
con82.9°
Ky = Ky = 5a0s = 0,308

o A
£inB2
Ky ® Kg ® .57g63;2~ = 0,46

CALOULATION FOR RESIST ANCES

For 5,L.G. fault case the values are calculated

as follows,

For‘xzixs Refer fig. (a-3-3)

r

1
— 3032
T
It rp w10 K Sotry =33.2K
r ]
r
b 2 21‘2/ rz"'rg y 1 0-!-!‘8
L ]
Ty
0,87 = e
10+rz
'y
or ry(1-0.67) = 6.7
]
*g = g‘:‘s'z‘s
1 ' = 20,3K
2 Vo N
MBO' . = 2,46
rg Tg/rgirg
§
33.2xr1/33.2+r£ '
or BT s w2 ,48
o |
or @ ety = B §x0.7 = 0,485
33,2414 o .

ry (1-0.496) = 33.2x0.495 = 16.5



or r; = %%—'—563 = 32 .8K ‘

For Ky = Ky fefor fig. (a-3-3)

T

3
- u 0,274
Ty

Iﬂt, r‘ = 1°K C ﬁs = 2."4‘5

A [}
T3l (rgiry)

Ty

= 0,2398

¢
X
Of 0,274 =p-jrx = 0.2875

|
T

3
or m = (,865

* '
or 1"3 = 0,865 (2.74"'?5)

or  rgf1m0.865) = 2,37

]

or i&%‘%ﬁ"

r, (1-0,675) = 6.75
s = 20,8



Tor Ky = ¥p (Referring Fig, (a-3.3)

T
5
Te = 0,774

Int rc = 10K 25 - 3.7‘K

[ ]
TsTs

W L 0.192

s
8.7{%15 * \
rs(l.,.?) = 0.722.74

rs - 6:4:

r
5 2,7
%%i'ﬁ‘efr - 1.7

Tg "*‘5

S =2 L . 0,308

TeTe/Ta*Tq

~ o 8
r
| 1092 6
OF  105%0,306 = 14 ;";'6' "

L
'
!’6 = 17K

For K, = Kg Referring fig.(a=-3-3)

e’

= 3,32

g = 10x rg = 33.2K



[ ] ¥
rglgArg+ry)
]

1
Ty

33.2+ré

or

'
recx.o.ess)

]
r9(1-0.655)

L

rg

[ ]
b
Tgirg

21,8

1 L
'

T

W
104’1’1’
or 0,886

'
Ty (1.0.886)

t
or r7

8.18

2,18

33.2x0,655=21.8

33.2x0,.665 = 21.8

3
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Appendix 4
Referring to Pig. (a-4-1)
For normal system ocurrent variation from 0.2 p.u,
to 1,6 p.u. in steps of 0.2 prefault values are calculated

- as follows,

180—~2“ = 26
180-(B+8) = #

where »

0 = Impedance angle,
= 85.60. .
g = 0,026 + 30.3 = 0,301{85,6°

For 1 p.u. of bus and terminal voltage

Fof i =0.2 p.au.

Cos2a =
O.C 20 = goﬁo

. 28 = 180%2,6°

e pe8s,7

» 4] Q 0

o'v B =180.(B+0) = 180.(88.7°+85,6") = 5,7
Similarly these angles are calculated for other

values of currents and tabulated as shown in Table
- (Awq-1 ),

iy b ! oo}

TTad T po |90
0.2 1.3 88.7 5.7
0.4 3.8 88.5 7.9
0.6 5.18 84.85 9.55
0.8 6.8 83.2 11.2
1.2 10.40 79.60 14,80
i.g 12.18 77.85 16.56

13,90 76.10 18,30

88



. | '.
Calculations for Ey4 Ve P.i and e% and e

For 4 = 0,2
ﬁ’et*f%

By = 1.0]2,60 + 0.2]5,8°(30.209)

Eq = 0.997|5Q
Vg = V+I 7
Vo = 1,040.2]5.7° x 0.202]82.9°
T =1,0|2,3°
"2 "
Ty By Ty
Py = =~ coB@ - ;= €03 (04a)

' 4
Py = %:-gfllx 0.0488+ -%*g—gl x 0.0384

= 0,095+0,078 = 0.170

oq = atﬂf x4
= gy+ 0.25,8%x30.8

= 1,0]11,8°

13 and 1, 1n steady state conditions may be calculated as
follows,
At £=0.2 8, =11.8%5,6° =6.2

1321 9in § 1 = L cos § =0axo 94|
= 0,2x0.1080 4 = 0.,199882 =
i& = 000216

= 1,0/11,8%+0,0216x0.4
= 1,00864(11.8°

(et e



Similarly above calculations are made for other wvalues

of currents and tabulated 8s given in Tadble (a-4-2)

C 17 lations

A8 calculated in Appendix 3

3, = 0.1225(85,7° 2 = 0.13(88.40
g, = 0.0753|87,7°

21 +2943,= 0.1225|85.7°+0,13|85,4°+0.0753 |87,7°
= 0,327 86,17

V.
£
= "
lf 21 ‘.’52 :50

Vo

' It =537 ]86aC
« 3,06]=86,1 x V,
0.202|82.9°
X
0.51|87,2°

o

Iy =

0,202|82.9°
0,51}87,2°

e I, = 3.06 Vg|=86,1"x

So for 1 = 0,2 p.u. from table (a~4-2) Vp = 1,0]2,3°
.. Ty =1,21x1.0)2,3%90,4% = 88,10

Total current flowing from the generator

= Prefault current + fault ourrent,
= 0.2(5,8° + 1.21]288,1°
=1.,71|278,6° |

e

(e
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L ¥
1a = 1, coss, ‘here 5, = 90.4°
= 1,210, 9999
= 1.21
14 = 1.21x(-0,0069) = ~0,00835

Fig.

Referring to the negative aequénce diagram of

(am3-2)

I = 3.06 Vg)=86,1°

0,202|82,9°

30, 372640, 028+30.2

0.202|82,9°
0.573{87,8°

Ip = Ig

Ip = Ip

= Ip = 1,075 Vp |=95,5%

i=0,2
Ig=1,075x1.0(=90,5°+2,3°
= 1,078 ‘—_B_Bago

Similarly the values of Ij Ip Ig I; are calculations

for other walues of currents and shown in tabdle (a-4-3).
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SUMMARY AND CONCLUSION

Anglogue computer forms a versatile tool for carry-
ing out the stability studies of power systems. By
simalating 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 operate
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 neéative sequence
torques the negative sequence torgue produced is assumed
~ to remain constgnt which is Justified as the decrement in
the negntive sequence current is small, moreover its

occurrence is for very short duration.

‘The performance equations for voltage regulator
and governer are expregsed in a form suitable for analo-
gue computation. An arrangement is shown for carrying out

individual and combined study of different voltnge regulators.

The induetion 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 oystem are
discussed coritically 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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