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SUMMARY

The basic principles of the transient behaviour of a generator
are briefly explained, and a non-linear differential equation describing
the generator's performance is given. The need for a calculating aid
for solving this non-linear equation is explained.

An analogue of a generator is derived, and details of a simulator
based on this analogue are given. Experimental results are given to show
that the simulator behaves according to theory.

Further development of the basic apparatus to increase its accuracy

and versatility is described.
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1. INTRODUCTION

Modern developments in materials and techniques have made it possible
to increase the power rating of generators by an order of magnitude compared
with the average machine of a decade ago. This has resulted in higher power
outputs from machines whose physical size is severely limited by factors
such as transportation of the generator parts from factory to final site.
Because of this, modern alternators have much lower inertia constants, which
adversely affect their transient-stability characteristics.l’ =

The increase in electrical loading has resulted in transient
reactances that are higher than before, which also causes generators to be
less stable under transient conditions.

The trend is to build power stations at sites where their fuel can be
had cheaply, and to transmit the generated power over long distances to the
places where the power is used. With the rising demand, more power must be
generated, and more generators have to be connected to the power distribution
system. Long transmission lines increase the likelihood of system
oscillations. Since generators are run very close to their stability limit
for reasons of economy, loss of synchronism can happen very easily.

The calculation of the effects of faults, sudden load changes and other
disturbances has become very necessary, to ensure that the supply of
electric power to the consumers takes place without interruption and with

the highest possible economy. Where systems are small these calculations

present.....
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present little difficulty, but they become very tedious as the
complexity of the system is increased, so that some tool to ease the
problem is necessary.

A computing aid is also almost essential for the designer when
planning a system. With this he can select optimum values for the
various units in his design.

Network analysers have long been used to solve steady state problems,
but doing trensient calculations the work becomes involved, especially
if it is a multi-machine problem. 1In recent years the shortcomings of the
simple network analyser have caused new techniques to be evolved to overcome
these limitations. A more exact representation of the transient behaviour

of a generator was reguired. Some of the methods used are:

Micro=-machines b 5, 6
Electro-mechanical models 7 8 9
10,11, 12

Digital computers

Analogue computers 13, 14, 15, 16: 17, 18, 19

Hybrid simulators 28, 21, 22, 23, 24, 25

26.

The relative merits of the various methods have been discussed.
It would seem as if an analogue solution of machine equations holds the
greatest promise, Hybrid simulators, making use of analogue technigques as
well as a.c. network analyser methods ere more attractive than general
purpose agnalogue computers, since they allow steady state computetions such

as fault current and lozd flow calculations to be made in addition to the

investigationgescoseces
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investigation of transient problems, with a great saving in computing
equipment, especially where asymmetrical faults are applied.zj'

The choice of the type of calculating aid to be built for this
thesis project was also influenced by the fact that a small a.c. network
analyser had already been built at the University, and it would be of
assistance if this apparatus could be used in the final computer.

It was therefore decided to replace the machine units in the
network analyser by d.c. analogue simulators, so that steady state investi-
gations could be carried out as before, but transient studies done in
addition.

In this investigation a simple representation of a generator, where
only the mechanical equation of motion is solved, was chosen to start with.
Provision was made so that the effects of a governor, voltage regulator
and demping could be added.

By using a new method of controlling the phase angle of an oscillator
feeding an a.c. network analyser, it is possible for the simulator to run
asynchronously., One of the shortcomings of all methods of simulation
(except micro-machines) is that they do not allow prolonged asynchronous
running of the generator model.26' Once the governor and voltage regulator
analogues have been added to the existing apparatus, it is hoped that pole

slipping and resynchronisation, and asynchronous operation can be

simulated without further modification.

2. PROPERTIES<coo.



- -

2. PROPERTIES OF AN ALTERNATOR

2.1, Internal emf. and reactance

Direct pole axis

Fig.2.1l. Simplified vector diagram of a cylindrical-rotor machine.
Figure 2,1. is the simplified vector diagram of a cylindrical-rotor
generator on load. The field current produces a flux in the direct axis
of the machine, which induces an emf.E, lagging 90o behind the flux. Due
to the load current I flowing in the machine, an armature reaction flux
is produced. Furthermore, I causes a leakage flux to exist, in the air
gap. These fluxes add to the no-load flux resulting in flux § in the

machine. Q induces an emf. which is the terminal emf. E, of the machine,

27.

plus the Ir drop due to the armature resistance.

t

The difference between E and E, can be regarded as a voltage drop due

t

to the load current flowing through an armature reaction reactance X,

a leakageeceeces
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a leekage reactance ) and the armature resistance r. The synchronous

reactance Xq is the sum of x, and Xy
The above applies when the generator is working under steady-state

conditions. During transient disturbances, the above values of interneal

emf. and synchronous reactance no longer apply as such, and the vector

diagram must be modified, as is shown in figure 2.2, where the transient

vectors have been superimposed on the steady-state vectors.

Fig.2.2. Simplified vector diagram of a cylindrical-rotor generator
for transient conditions.

Instead of E, X4

5! are used. E! is a fictitious emf. which would cause load current I

to flow through the transient reactance xé of the generator.

Wheneeeeso

and § the corresponding transient quantities E',xé and
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When the generator is a salient pole machine instead of a
cylindrical-rotor machine, the armature reaction flux produced by the
armature current does not affect the flux produced by the field current
so much. Apart from this the above description applies to a salient-
pole machine,

From the vector diagrams in figures 2.l. and 2.2 we see that the
generator can be represented by a zero impedance generator behind an
impedance. The emf. will be the internal emf. E of the machine and the
impedance will consist of the armature resistance r and the leakage and
armature reaction reactvances. During steady-state running the appropriate
steady-state values are to be used, and transient values under transient
conditions.

The electrical power output of the generator, including 12r losses,
is given by:

3.E.I.cos (8+¢) (see figure 2.1)

+d
u

where E = line to neutral rms. voltage.

I = line to neutral rms. current.

2.2 ;pertig and stored energy.

When a generator is running under steady-state conditions, its
electrical output is equal to the mechanical input from the prime mover

(i.e. when losses are neglected). If either of these quantities were to

change suddenly, the rotor of the machine would speed up or slow down,

dependingeceee
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depending on whether the input were more or less than the output. This
change in the relative position of the rotor is seen as a change in the
internal angle § of the machine.

Because of the large inertia of the rotating masses of the generator
and prime mover, the rotor cannot change its position instantaneously
following a disturbance. This has an important effect on the transient
behaviour of a generator, and on its stability after a disturbance.

The inertia of a generator is usually given in terms of an "inertia
constant" H, which is proportional to the kinetic energy of the moving parts
of the machine by virtue of their movement.28'

H is given by:

-6 2
H o= 0.231 -Plo o I.V mv SeC/I{VA
where I = moment of inertia of rotor of generator and prime
2

mover, 1lb.-ft. .

v = speed, TePele

1Y)
[}

Power rating of the machine, KVA.

2.3. Dynamic equation of the machine.

When a generator runs in synchronism with a power system to which
it is connected, the equation of equilibrium which must be satisfied is,
in terms of powers

P. (2.3-1)

input . Pinertia g Pdamping * Poutput

(because the machine's speed does not differ much from synchronous speed

duringo ec e
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during transient conditions, equation 2.3-l1 can be written in terms of
power, and not torgue).

Substituting values in the respective components of equation 2.3-1
gives the general differential equation for a synchronous generator

connected to a power system:

2
= n&§ & i
Pinput M = + Ky 3% + 3+B.Tocos (5+¢) (2.3=2)
where Pinput = mechanical power input less mechanical losses, KW
P.Ho
M= Xt
= inertia constant, KW sec/el.rad. per sec.
P = rated power of the machine, KVA

f = rated frequency, c¢/s

(o)
1]

angular displacement between the internal emf. of the
machine and the infinite busbar voltage, radians.
K, = damping coefficient, KW/el.rad. per sec. (see appendix A)
E = internal emf. of machine, KV. rms. line to neutral

I = load current, A. rms. line to neutral

# = phase angle between I and the voltage of the infinite

busbar, radians.

30 The.....
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3. THE SIMULATION OF A SYNCHRONOUS GENERATOR
3.1. Derivation of the analogue representation

-The simulator to be described was intended to be a simple representation
of a machine to start with, with provision for adding simulation of secondary
effects, such as voltage regulator action, governor response and damping.

The following simplifiying assumptions were made: g

l. Transient saliency neglected.
2. Flux linkages held constant, corresponding to the voltage behind the

transient reactance.
3. Damping torque and subtransient effects neglected.

4. Constant mechanical input power to the machine.

5. Saturation effects neglected.

Taking these assumptions into account, the simulator must satisfy

the following equation:

2
-y &8 &
Pinput = M.dtz + 3.E.Iocos (8+¢) (3.1-1)

(the symbols are the same as in equation 2.3-2)

where Pinput’ M and E are constant quantities for a particular problem.

Rewriting equation 3.}1:

M =P - 3.E.I.cos (5+p)

2 input

Integratingececeecses
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Integrating, and dividing by M:

é _ 1
-th- = T [Pinput - BOE.I'COS (5+¢) ] dt (3'1-2)

As will be shown in the following pages, the simulator circuit has
a closed loop transfer function which is similar to equation 3.1-2.

A block diagram of the generator simulator in its simplest form is shown
in figure 3.| The device consists of a variable frequency oscillator which
feeds the a.c. network analyser through a power amplifier with a very low
output impedance, and an impedance. The amplifier output voltage represents
the internal emf. of the generator, and the impedance the internal impedance

of the machine.

7o erwork
C Analyser
1 | z’
Oscillator - ===
V. Vi £ y
2, 3
Integrator Power . Generator
g Modulalor Y Bt AN Impedance
Va Y
- <|l .« Ay
0L .ampllf/‘er Phase detector

Fig. 3. Block diagram of the generator simulator.

The‘..Q'
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The power output of the power amplifier is given by:

P

output E'I'cos (5+¢) (3.1-3)

where E! = power amplifier output voltage

It

output current of the amplifier
(8+¢) = phase angle between Ef and I'
The phase detector output is a d.c. voltage proportional to the in=-
phase component of the load current of the power amplifier (see appendix B).

Referring to figure 3.1 and equation 3.1=3.

v, = k‘ I%cos(5+p) (3el-ly)
where kﬁ = the transfer constant of the phase detector.

Providing E' remeins constant, the phase detector output therefore is
a measure of the power output of the power amplifier.
The phase detector output is fed to a d.c. amplifier, whose output

is given by:

V= A o k¢ I' cos (5+p)
=k I' cos (5+8) (3.1-5)
where k = Adc ° k‘

The d.c. amplifier output v, is taken to a summing point, where it is

subtracted from a d.c. voltage V} o The resultant voltage is given by:

v5 = V} - V2

v, - k I' cos (5+8) (3.1-6)

TheQQIOOC
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.The integrator output is:
- ;—c [vr - k I' cos (5+¢) ] at (3.1=7)
This voltage is applied to the modulator which controls the oscillator
frequency. The oscillator frequency and the modulator input are related
by the modulator transfer constant km, vize

oscillator freguency change

by = modulator input voltage rad, per sec/velt.
= 8
= v Y f'8
A (3.1°8)
Substituting equation 3.1-8 in equation 3,1-7:
k o > ]
Ao =g2 [ V. - kIt cos (5+f) | at (3.1-9)

The oscillator frequency corresponds to the base frequency of the
netwerk analyser when the input to the modulator is zero. Applying a signal
to the modulator will increase or decrease the oscillator frequency, depending
upon the polarity of the applied voltage,

Thus the instantaneous oscillator frequency is given by:

0 =@ + AW (3.1-10)
where w, = oscillator frequency with no modulating voltage
= network analyser base frequency
O w = change in ® due to the application of a modulating signal.

If & is the angular displacement between E', the power amplifier

output voltage, and the network analyser system voltage, the instantaneous

differenceecceeces
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difference frequency A w between 0 the network analyser base frequency
and w, the instantaneous frequency of the oscillator can be expressed as:

_ 48
a0 =3¢ (3.1-11)

Equation 3,1-8 can be re-written as:

8 = ﬁ [Vr -k I' cos (5+p) ] at (3.1-12)
dt RC

This expression can be seen to be very similar to equation 3.1-2, and
the analogy is based on this.

The circuit works as follows: When the power amplifier feeds some
current into the network analyser, to which some other oscillator representing
infinite busbars, say, is connected, the two power sources are adjusted to
run in synchronism. The phase detector gives some output voltage, which,
after it is amplified, is cancelled by an equal and opposite reference
voltage V}. The integrator now receives no signal, with the result that
its output is zero. With no input signal to the modulator, the oscillator
runs at the base frequency of the network analyser,

If some disturbance now occurs, say a change in the impedance between
the generator simulator and the other oscillator, the phase detector output
chenges. The integrator input is now no longer zero, since the amplified
output of the phase detector no longer balances the reference voltage. The
integrator output now changes at a rate determined by the time constant of
the integrator, and the amplitude of the unbalance voltage,and the

oscillator frequency changes correspondingly.

As s0ONeess



As soon as the instantaneous frequency changes, the phase angle
between the two oscillator voltages also changes. The phase detector
senses the change in phase angle and the corresponding chenge in load
current, and its output cﬁanges once more in such a sense so as to oppose
the change in frequency.

The simulator thus is a closed loop negative feedback control circuit.
During steady state operation the phase angle with which the simulator runs,
is determined by the reference voltage. Provided the angle is not greater
than 900, the simulator will run in stable synchronism with the other
sources in the network analyser.

If a disturbance occurs, such as a change of load or the occurrence
and clearing of a fault, the frequency of the simuletor oscillator changes,
but its rate of change is controlled by the integrator time constant. The
rate of change of phase angle is thus controlled by the integrator, and the
amplitude of the change in the phase angle by the output of the phase
detector. Following a disturbance the phase angle therefore varies
periodically, until it eventually settles down to a new steady state value.
If, however, the disturbance lasts too long or is too big the phase angle
will increase beyond a critical value, determined by the integrator time
constant and the magnitude of the reference voltage, and the simulator will

lose synchronism with the rest of the system.
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36 26 ._Scaiing of the analogue simula.tor.

To distinguish between actual machine quantities and analogue
quantities, primed letters will be used to denote that they refer to
the analogue. Unprimed letters refer to the actual generator. Since
the scale factor relating phase angles in the simulator and in the
real machine is unity, unprimed letters representing phase angles will
be used in both cases.

Referring to equation 3.1=2 page 10, the eguation describing the

performance of a generator is:

= 1 . L oliedloe o L™
%% e [Pmput 3.E.I. cos (5+¢)] at (3.2-1)
making AP = Tnpat - 3.EB.I. cos (8+¢) gives: (3.2-2)

dt i —/A P.dt (3.2=3)

BEquation 3.1-12 (page 13) can be written as:

a3 _ ﬁg [Vr - k.I%.cos (6+¢) ] at (3.2-4)

dt' = RC
putting AV = Vr ~ keIt.cos (5+¢) givess (3.2-5)
a6 _ “n [ av.at. (3.2=6)

dt* ~ RC

The network analyser base frequency is 500 c¢/s. To keep a one to one
ratio between freguency and time, the time scale of the simulator has to be
reduced by the same factor that the analyser frequency is higher than the

machine frequency.

Let....'.
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machine freguency

Ras & » analyser frequency

gnelyser time
real time
tl

- sec/sec.

g.0. &° @t
i.e. dt'= a.dt (3.2-7)

d.c. analogue "power"

e, machine power

AV 3
= At volts/watt (3.2-8)

Substitute equations 3.2-7 and 3.2-8 in equation 3.2-6

k
[ R (
S - Bs A P) a.dt
L o - /

ice. @8 _ ,2 o 1 [AP.dt (3.2-9)
at = * *PRe

Compare this with equation 3.2-3. The two are identical provided:

‘%_ o - (3.2-10)

BEquation 3.2-10 gives the relation between the inertia constant M
of a generator, and the constants of the d.c. analogue circuit,

Referring back, substitute equation 3.2=8 in equation 3.2-5:

oy %._ [Vr - k.I'.cos (6+¢)]
= Ve - X .I%os (5+f) (3.2-11)
5 B

The..‘...
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The first term in the right hand side corresponds with Pinpu £

in equation 3.2-2,

2.c. analyser base power

o system base power
B wwn (3.2-12)
B .
Let ¢ = &:C- analyser base voltage
f system base voltage
EI
Tges = E—r volt/volt (3.2-13)
r
Pi
' - SE—
Now I' = Ez'- (3.2—-1)4.)
SRd I = o=
3E,,
iceoﬁ-— = BI (3.2-15)
r

Substituting equations 3.2-<12 and 3.2-13 in equation 3.2-1} gives:

iy
4
=
¥ |"’
1]
-<|m
[ ]
H

Equating this with equation 3.2-15 gives the relation between I and
I', viz:

"= 31 (3.2-16)

Substituting equation 3.2=<15 in the second term of equation

3,2=11 givess

V., _| k Y ‘
AP:-‘;I-‘ - ° & 3.I.cos (6+¢i

PHOiae « ol



The second term on the right hand side is similar to that in

equation 3.2-=2. Equating them gives:

kY
pe - F (3.2-17)

From equation 3.2-10 we haves:
2
RC =a -B-kh°M-

Substituting equation 3.2-17 and the expression for M given in

equation 2.3-2, in the above equation, gives:

RC =a & €. E . km ° T
Pl
but ¥ = &= (from equation 3,2-12)
El
e Qre -EE (from equation 3.2-13)
r
2 1/p H.P
hence RC = a .ko E' Er E ° km . xof

Simplifying, and noting that E,/Er is the per-unit value of the

generator internal emf., gives:

2 1
[+4 .k.kh.p «H
G T L )

r

w B (3.2-18)

p-U.

where Ep.u, = E/Er

By substituting the relevant figures in equation 3.2-18, the

generator simulator constants for a particular problem can be calculated.

3¢ 3. Derivation.....
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3«3+ Derivation of the Analogue with damping included

The intention was to build a basic generator simulator, to which
a damping circuit could afterwards be added. It was found, however,
that stable operation of the simulator, when synchronised with "inf'inite
busbars" could not be obtained unless damping was added. Of necessity a
deamping circuit and its analyses had to be included.

Sections 3.1 and 3.2 give the derivation of the generator simulator
equation and how the simulator is scaled, but neglecting the damping term
that appears in the machine swing equation (see equation 2.3-2 page 8).
The circuit, shown in block diagram form in figure 3.1 (page 10, must be
modified to include the effect of damping. More specifically, the
integrator must be changed, by adding a feedback lcop to it.

Figure 3.2 shows the diagram of an ordinary summing integrator,32

as is used in the generator simulator. Figure 3.3 shows how this circuit

is extended to include damping.

C
; it )
l Le = e, .dt + o
€ o R0y R,C,
Ra -A &

at

Fig. 3.2_ Summing integrator block diagram.
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/
"y A6
o+
AZ

T ek
r Ry
C
V1 il
Vz —{ 1 \ Vi
N /A.

Fige3.3 Block diagram of the integrator with a damping loop.

The circuit shown in fig.3.3 was used in place of the integrator
shown in fig.3.1 (page 10). Voltages V. v, and v, are the same as those

in fig.3.1l and in the ensuing derivation of the analogue loop equation.

We now have:

1 2010R o] -
v, =55 [vr + v, =202,y ]dt. (see appendix C) (3.3-1)

&
=3 s
where v# =3t / "
and v, = = koI'.cos (8+§)
Substituting these expressions for AP and Vh in the above
equation we get?
k 23.% &
ﬁ = -m V - k.I'oCOS(5+¢) - T T . d-t (5.3-2)
at " RC[ | r kT dt

Thiseeeses



This expression is seen to be similar to the generator swing

equation with the damping term included, viz:

@ _ 1 " dd

&t [Pinput 3.E.I.cos (5+¢) Kye dt]dt

The coefficient i’)‘;R in the third term of equation 3.3-2
m.

corresponds’ ¢ to the damping coefficient K3 in the above expression.

3¢4. Scaling the generator simulator, including damping effects

Repeating the procedure of section 3.2, equation 3.3-2 finally

appears ass

2
% =% Xy [av.at
RC
2.AoR dd
= - ] a0 86 o
where AV = V- k.I cos(5+§) ak v "3
nowAP = P -3EIcos(5+p)-K.@
input i d "~ dt

puttingAV = B.AP, and substituting this in the expression for AV,

we gets

- 2.%.R o
AP = % [Vr - k.I'.cos (8+¢) - a.km':; j dt]

2eRoR corresponds to K., in the former expression for AP,
etk oT d

i.e., the analogue damping constant K('1 is given by:

2.AeR o
K§ = W (3.3=3)

ProMececee
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From equation 3.2-17 we have:

BY
P €.B

but ¥

P'/P (from equation 3.2-12)

and € EI'/Er (from equation 3.2-13)

(PP
B! Er E

thus B

kP!
E;'.Epouo P

- t
where Ep.u. =E I/Er

Substituting this expression for p in equation 3.3-3 gives

E'.E oP
g i S (5:34)

m

Using equation 3.3=4 the damping coefficient of the generator

simulator can be calculated.
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4o EXPERIMENTAL RESULTS

To check the accuracy of the simulator, a comparison between
measured and calculated results for a single machine connected to
infinite busbars was made. Three tests are required,25 i.e. (1) a
steady-stete power—angle curve, (ii) a transient-stability study and

(iii) a transient test on the integrator.

L.)l. Steady-state test
The circuit used to measure the variation of "electrical power" as a

function of the internal angle § is shown in fig.l.la.

\%
i
9wnenwbr ' Nefwork
Simivlolor | F)na/g.s er
|
|
|
() (b)

figelsl. Diagram of circuit used for steady-state test and
the corresponding vector diagram.
In fig. L4.lb. the vector diagram showing the relation of the
volteges in the circuit is given.
The current flowing between the generator simulator and the

infinite busbar model is given by:

1 J/Ez + V2 - 2,E.V.cos § (4.1-1)

B =sih=—

X

Theoctnco
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The electrical power, appearing as a d.c. voltage in the generator
analogue, iss

P, = k.I.cos (8+¢) (see appendix E)

When E = V,-¢ = % s as shown in fig. L4.lb. The expression for

Pe now reduces to

(4e1-2)

njor

P =ik.l.cos
e

Substituting figures in equations 4.l1l=-1 and 4.1=2, values of Pe can

be calculated. Fige4.2 shows the calculated curve of Pe vs.d, and

measured results.

6
&
;- (o]
~
Y
8 (o]
& 37 — Coleuvlared
éi © Measured
@ ?
I--
i i 1 1 l } }
0 5" 30 45 60 75 90 105

S (bbgrees)
fig.h.2_ Steady-state power angle curve,

f= 500 ¢/s
Br= V = 1€V rams s
X = 2.1 K.ohm

k = 1.143 vdoc./ m.A.ms.

P WaS'oooo
e
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Pe was measured at the output terminals of the d.c. amplifier in the
feed-back loop of the simulator circuit (see fig. 3.1, p. 10). The internal
29

angle § was measured by a phase angle recorder,””. (see appendix F)

4.2. Transient stability study

Two transient stability problems were simulated with the generator
model. It was found that with zero damping the simulator was unstable
when connected to infinite busbars threugh an impedance. A damping circuit,
as described in section 3.3 p.19 was added to the analogue circuit to allow
synchronous operation of the simulator and the infinite busbar generator

of the network analyser.

4e2.1l. Transient stability.Study 1
The details of the problem are given in ref. 34. Fig. 4.3 shows

the system interconnections

JOMVH®_ 60MVA 60MVA

2 66 KV /lines InFinnte
50 miles Sysltern
.30MVH®._
LK ﬁ( A
LLG b
faull

fig.4e3 Diagram of system being studied.

A zero-impedance double-line-to-ground fault occurs at the sending end
of one of the transmission lines. The faulted line is then disconnected at
both ends to isolate the fault. Providing the fault is cleesred fast enough,
the sending-end machines remain in synchronism with the infinite system.

Theooo.
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The sending-end generators cen be represented by one equivalent
generator. During transient conditions this generator behaves like a
zero-iﬁpedance voltage source behind the transient reactance of the
generator (see page 9, where the qualifying assumptions for the above
representation are listed).
Scaling of the generator simulator can be done by substituting the

eppropriate values in equation 3.2-18 (page 18). This equation iss

2 t
RC & [#4 okokmop H
Te B!, F sl
r P-Ue.

The following machine constants are given in ref.353

E = 42.9 KV line to neutral
= Generator transient internal emf,
V = 38.1 KV line to neutral
= Base voltage of the system
H = 3 KW sec/KVA
= Inertia constant
f = 60 ¢/s

Rated frequency

The generator simulator constants (see section 3.2) are as follows:

k = 0.254 V/mA (see appendix E)
k =12.2 rad.per.sec/V
f! = 500 ¢/s

network analyser base frequency

P' *t0 0000
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100 mi

P2
= network analyser base power
-
E.L = 10V

network analyser base voltage

E = 42.9 KV
P s 38.1 KV

10125 P.Uo

_ 60 ¢/s
~ 500 ¢/s

0.12

Substitution in the expression for RC gives:
RC = 6.31 m.sec.
A convenient velue for R is 120 K.ohm. Using this value of

resistance gives:
C = 0.0527 “Fo

C and R are set to the values given above. They represent the
inertia of the generator.

The swing curves shown in ref.3) were calculated, assuming zero
damping. As explained in section 3.3 it was necessary to have some
damping in the simulator circuit. Provided the minimum damping required
in the simulator is less than the damping of the machines to be simulated,
the damping of the simulator can alway be set to a figure corresponding

to the damping of the generator.

For..“..
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For this study the simulator was run with minimum damping, which
was the closest possible approach to the calculated case, where zero
damping was assumed. It is shown in appendix D that the damping
coefficient of a typical generator of this type is mere than the damping
coefficient of the generator simulator.

The a.c. network analyser was set up according to the figures given
in ref. 34. They are:

El

1.125 p.u.

= generator simulator output voltage
V' = 0.95 p.u.

= infinite system voltage

X, = 0.679 p.u.

tie reactance before the fault occurs

X2 = 2.9 poU»o
= %de impedance during the fault
X, =0, 61
3 9

impedance af'ter the fault has been cleared.

Network analyser base voltage = 10V

Network analyser base impedance = 1000 ohms.

The tie impedances were switched with a high speed relay circuit
(see appendix F) so that the fault clearing time could be changed. By
ad justing the reference voltage in the generator simulator circuit the

initial internal angle was set to the value calculated in ref.34. The

reference.ceee.
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reference voltage control could be calibrated in terms of power, and by setting
the reference voltage to its calculated value, the initial angle would auto-
matically be right. However, the calibration would have to be changed for
every problem set up on the simulator, Therefore the former method was used.
The variation of internal angle after the start of the fault was measured by
the apparatus described in ref. 33 (see also appendix F) and its output was

displayed on a storage tuﬁe oscilloscorpe.

The resultant swing curves, for three fault clearing times, are shown

in fig.4.4 together with calculated curves from reference 3.

/301

120

E o

110

00|

/ — Measuvred
40 --=Calculated

0 of -é -.3 v '# .5 -'6 o
lire  (Seconds)

fig.l.l. Measured and calculated swing curves.
(1) fault cleared in 0.17 sec.
(4i) fault cleared in 0.16 sec.
(1ii) fault cleared in 0.15 sec.

4.2.2. Transient.....
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le2+2. Transient stability. Study 2

This problem was teken from ref. 28 (pp.4L4=49). The system consists
of a generator delivering power through two psrallel transmission lines to a
large system as shown in fig.4.5 A three-phase short occurs in the middle
of one of the lines, and is cleared by the simultaneous disconnection of the

two ends of that line.

Infoinete
25MVA (:)—— Sysrem

| “.SPhase
fauit

|
fig. 4.5. Diggram of the system.
The settings of the simulator's integrator constants can be
calculated, as in the previous example, by substituting the figures given

in the following eguation:

2 1
rC =% .k.km.P H
' °
x.Er.f Ep.u.
Given: Ep.u. = 1.03 p.u.
= voltage behind the transient reactance of the generator.
H = 2.76 KW sed/KVA
= inertia constant of the generator
f =60 ¢/s

]

rated frecuency of the system.

Theoooccl
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The simulator constants are the same as in section 4.2.l.
Substitution in the expression for RC gives:
RC = 6.34 m.sec.
Again taking R as 120 K.ohms, gives:

¢ = 0.0529 uF.

The swing curves, shown in fig. 4.6 were taken with the damping of
the circuit set to the minimum value allowing stable steady-state operation,
Although figures are not given in the problem, since zero damping was
assumed, typical figures for a generator of this type give a damping
coefficient Kd = 5.2.10-# KW.sec/KVA degree. The simulator damping
corresponds to a demping coefficient K! = 7.6.10"’+ KW. sec/IVA degree:(see
appendix D).

The damping coefficient of the simulator is 1% times higher than the
typical figure for a 25 MVA waterwheel generator. In appendix D a reason
for this is given, and a suggestion made how to reduce the damping
coefficient of the simulator to a more acceptable value.

Using a base of 10V and 1000 ohms, the following quantities were set
on the a.c. network analyser:

E' = 1.03 p.u.
= generator simulator output voltage
V' = 1.00 pene
= infinite busbar voltage
xl = 0,40 pou.
= pre~fault tie reactance
Xy = 5610 pats
= tie reactance for the duration of the fault.

X
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= 0.50 p.u.

post-fault tie reactance,

Swing curves were recorded for various fault clearing times, as shown

in fig.@.é.

160 '”‘

< @%agneeg)
= S,

—— Measured
- ~- Colcuvialeo

Time  (Second's)

fig. L.6. Swing curves - Study 2.

sustained fault

(ii) fault cleared in 0.6

(iii
(iv

(v

fault cleared in 0.5
fault cleared in 0.l
fault cleared in 0.2

sec.
SecC.
sec.
Sec.

4.3, Integrator.....
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4e3. Integrator transient test

The integrator in the d.c. analogue section of the generator simulator
was checked for accuracy by applying a step voltage to the integrator input,
and observing how the output voltage changed with respect to time,

For a step input, the output voltage of an ideal integrator, as given

by ref.32 ist

t
~Cout - %in “RC

(4.3-1)

where e integrator output voltage

out
€in = integrator input voltage
R = integrator input resistor
C = integrator feedback capacitor
t = time.

In this test a step of =40 mV. was applied to the integrator input.
Substituting the following figures in equation 4.3=1 gives the results which

are plotted in fig.4.7, together with the measured curve,

ein = = 40 mV
R = 120 K.ohm
C = 0.256 puF

figo[+o7oo s9nece
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figelre 7o Integrator response to a step input.

The value of the feedback capacitor C was chosen to be bigger than
the value used in obtaining the swing curves shown in section 4,2. This
was done to ensure that there would be no error in the experimental results
due to the limited high-frequency response of the pen recorder used to
record the output of the integrator.

More detailed information of the operational amplifiers used in the
generator simulator is given in ref.35. The deviation of the measured

response from the ideal is caused by the finite gain of the d.c. opera-

tional amplifier. 52
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5. CONCLUSIONS.

The simulator described is a laboratory model built to investigate a
different method of coupling a d.c. analogue of a generator to an a.c.
network analyser. The results obtained show that it is feasible to
control the frequency of an-oscillator in accordance with the generator
swing equation, instead of the phase of a master oscillator feeding all the
machine units in a network analyser.zo’ 22, 25, 25-

Although the experimental swing curves are compared with calculated
curves for which zero damping had been assumed, the effect of damping on
the measured results is as expected. Damping reduces the amplitude of the
internal angle swing, as well as the swing period (especially when the
internal angle approaches the critical value, beyond which synchronism is
lost).

A governor analogue can be added by building a circuit which controls
the reference voltage V} (see fige3.1l p.10) in accordance with the governor
characteristic.

The effects of variation in excitation and the action of a voltage
regulator can be included by adding a circuit which will both change the
amplitude of the internal emf. (power amplifier output voltage) and the
amplitude of the electrical power (voltage fed back from the phase detector
to the integrator). This can be done by adjusting the gain of the pre-
amplifier (fig.E7, appendix E) and the gain of the d.c. amplifier in the

feedback path (fig.E3, appendix E) in conjunction.

.Aftero.'ooni
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After these additional units have been added, it should be possible
to study the asynchronous performance of a generator. E.g. load rejection
tests could be done.

The accuracy of the simulator can be improved by using a better
operational amplifier in the integrator circuit. As shown in fig.4.7,
there is an error due to the finite gain of the amplifier. To reduce this
error an increase in amplifier gain is required. However, the increase
in amplifier complexity to reduce the error by an order of magnitude may
offset the advantage of greater accuracy.

The major drawbagk of this simulsator, and of all hybrid simulators,
is that it is difficult to make the internal impedance of the generator,
which appears in the a.c. part of the circuit, change. A real generator's
internal impedance changes from its steady-state value to some transient
value during a disturbance. It might, however, be possible to control the
power amplifieé?gg%fatude and phase in such & fashion that a variable emf,
behind a fixed impedance appears like an emf. behind a variasble impedance.

As with other simulators of this type, once the networks between
machines have been reduced to their equivalent single phase circuits, the
time required to set up, operate and obtain results is very short. Changes
in machine constants can easily be made, and their effect on the behaviour
of the generator observed.

With further development this simulator should be of use in the
investigation of the performance of generators and their encilliary equipment.

A number of these units can be used to study multi-machine problems.



APPENDIX A

Generator damping

The expression for the damping power 30 in a machine is given

-

2 x& - x" x! - x"
P. =V x0 - SIE RIS PO T
$ (x + x')2 o (x. + x')2 o
e d € a
where Pd = instantaneous damping power, per=-unit
V = voltage of infinite busbar, per-unit
s = slip, per-unit ....... see equation A2
w = 2n , rated frequency, rad. per sec.
xé, xa, x&, xg = machine reactances, per-unit
X, = external reactance in series with the armature, per-unit.
Tao, T"o = open circuit direct-axis and quadrature-axis subtransient
e time constants, seconds.
8 = angle by which the generator internal emf. leads the infinite
busbar voltage, electrical degrees.
The slip is defined as: |
© 360f ° dt
where £ = rated frequency c/s

Substituting equation A2 in Al:

2 3 b xa 2 q = 2 1 as

= mmnt " ! ﬁ L " et

Pd =V == Tdo sin” § + 20 ™ cos8 §]2.%.T 3%0F ° at
~(xe + xd) (xe + xq)

-

x'_x"
='V2 _L.d_z.Taoosin28+q qz.T" 00326%.%
L(xe * xé) (xe + x')
defining the 'damping coefficient' Kd ass

Pa

[
at

KW sec per el.degr./KVA



“A2 =
T -x' - x"

. i x! - x"
e G Kd, b vzm —d---q"-z ° Tg. ° Sin2 & + —-q—-————q . M cosz 8§ (AB)
& ¢ 2.) " 1)2 qo
e d (x + X ) -
e q
equation A3 is of the form:
g 3 v i%a (a sin § + b. cos’ 5) see ref. 3l.
the average value of Kd iss
Ky(ay) SV Z., 24D
av.) 180 ° 2
it V‘2 x' o xﬂ x' x"
& X d d -
i R ¢ g . U G L
360 .)2 do 2 qo (A4)
(x, + =} (x, +x!)
"
But T = EQ | ™
d " x7 " Tdo (45)
where Ta = short=-circuit direct axis subtransient time constant, sec.
"
i m3 1} By
Similarly Tq = _% s T"o (A6)
x q
q
5 s ] " 3 3
Expressing Kd(av) in terms of Td and Tq, X, disappears, since the

external reactance in series with the armature is zero when the armature is
short circuited.

Substituting equations A5 and A6 in AL

) T (@ - A )me (F - F) 5

d d q q

This is the expression that is used to calculate Kd in the swing

equation (equation 2.3-2 page 8) although as it is expressed here, it is a

per-unit value.
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APPENDIX B

The Phase Detector

The circuit diagram of a simple phase detector is shown in figure Bl,

and the vector diagram that applies te this circuit in figure B2.

| Eﬁ“lﬁé :
M=
LR VR

fig. Bl. Basic phase detector circuit.

fig.B2 Vector diagrem of the basic phase detector.
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Referring to figures B.1l and B.2, let the secondary voltage of transformers
Tl and ‘I‘2 be 2V and E respectively, where
A
E = E sin ot
N
v

v sin (0t + €)

The voltages ﬁa and ﬁb ‘which are applied to the balanced rectifier
consisting of diodes D, resisters R and capacitors C are the vector sum and
vector difference respectively of ﬁ and ?r‘. Voltages ﬁa and ,F:b are peak
rectified, and their differénce is the d.c. output voltage Vou

t.

From the vector diagram it can be seen that:

~ ~ N
ﬁ§=E2+ +2§Vcose
a8 22 = A an
andE.D=E + = 2E V cos 8
2 = 7 ¥
Now E_ = E (1+—2 +2 .= cos @)
E E
A 4+ N A
zE2(1+‘—1 cos &) for E >> V
A A E § &
ioeoE =E(1+2. - .cosa)z
a
E
expanding this gives:
~
ﬁ:ﬁ(1+12-°2¥\ COS © + seveess)
a
E
A A A A A
i.e. EazE+V.cose for E>> 7V

A A A
Similarly Eb % E=-V.cos®

The output voltage is given by:



-BB_
=2.!/3Vcose
where V = the r.m.s. value of ﬁt
If the smoothing capacitors C (see fig.Bl) are left out, the output
consists of the difference between two half-wave rectified sine waves, as

shown in fig.B3.

Fa
s B g
v,
|+ g
0
IVour
o._._ - i s B - Mmean

fig.B.3 _Unsmoothed phase detector output.
The mean value of the output voltage now is:

il
LA g 2V2 V cos @ (B1)

In the interest of a quick response to an input signal, no smoothing
capacitors were used in the phase detector in the generator simulator.
The pulsating d.c. output voltage is adequately smoothed by the integrator,
so that no pulses reach the modulator.

If we make V (Eqn. Bl) proportional to the power amplifier output

current I', and ® equal to(5+¢) the phase angle between I' and the power

amplifier.......



- Bl -

smplifier output voltage (Eqn.3.l=4. p.1ll) the phase detector output will be

a measure of the power output of the amplifier. This will only be correct
if the emplifier output voltage does not fluctuate appreciably.

The circuit diagram of the phase detector, as it is connected in

the generator simulator, is shown in fig. Bj.

Fower
HAmphifier

ot N

| — ]
Oscillafor l/ y Transisfor
’ I l Rmplifier H
4 % T
’ Y3
R § J--c - Vout

o machune

A l
. ) i &

/nlernal

/impedance

ond ne/work
analyser

fig. B4. Phase detector connection diagram.

The output voltage of the power amplifier shown in fig. B.) represents
the internal emf., of the generator. When the simulator is connected to the

network analyser, a load current I' flows from the power amplifier through

series resistor R to the network analyser. The voltage vy developed across
the resistor R is proportional to the current 10 vy is amplified by a
i if] i i . t of the transistor
transistor amplifier with voltage gain Ax The output o
emplifier is applied to the phase detector input.

Theoo-ona
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The;‘output voltage of the power amplifier is also fed to the phase
detector to provide a reference voltage. The phase detector output voltage
is a function of the transistor amplifier output and the phase angle (5+¢)
between the power emplifier output and the transistor amplifier output.

The output of the phase detector is related to the load current I' as

shown belows:

I' = rms. load current
vl = RoI'
v2 = Ax 5 v1
' 1
= A:c . &
73 =N o V2
=N o e . Re I'
*
pl .
T - = 2(5 « Vg o cOS (8+p) (see equation B.1l.)
= X '
p ° 2 2 . noAx O R. I e COS (5 +¢)
= k" « It ., cos (S5+¢) (see equation 3.)=4 p.11)

Using the constants of the circuit that had been built to calculate k¢

gives:

‘ = ; '8 r . % AL . T (see appendix E section 2.1(iv)

= 12.7.100 v d.c./mA r.m.s.



APFENDIX C

l. Gain of the differential operational amplifier

| Re
R ) (3
v -
1 g V’ iy v
‘, 2 o
o—d 4+
V2

fig.Cl Differential operational amplifier.

Consider the amplifier shown in fig.Cl. Let its gain be A, At input

terminal 1, neglecting the grid current:

(see ref. 32)

AT -V (c2)

Eliminating V1 by substituting equation C2 in equation Cl, and

solving for Vo gives:

+ R R
V = Rl 2 . V - '—2- ° V- 1
1+ 2 Rl
if A>> 1, vO = u V. - ]E?- Vv (CB)
R 2 t i
1 »

note: there is no phase reversal beiween v, and V2.



2, The damped integrator

R3
| S &
ARv Ry
C
| Rz
eé ..65
R, A,
€,

fig. C2_ Integrator with damping loop.

The usual assumptions made for an operational amplifier are made,
i.es the g&in of the amplifier is very much greater than unity, and grid
current is negligible,

The output voltage N of the circuit shown in fig. C2 is giwen by:

mo_ ¥ ch . e2.dt + Rlc el.dt + 70 ejodt

letR.l R2=R

R :
_ - (e ¥, += . e, ) dt. (o)
now - e = Tl X 2 r 3

The output of ampliffier A, is:

2
R, + R
- 2 L o
e4 =N R eo
3
= Z.X.eo for R3 = 34

Closingesecees
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Closing switch S mekes e3 = eh. Substituting the expression
for e, in equation C4 gives:

L

R. 2.)e, ) dt

p
-e = (el-+ 62 S 'I':

o~ RC

This expression is identical to equation 3.2-17, where:

v, = ee
L )
= e
Vf i !
V.. =€



-D1 -
Appendix D Alternator dsmping coefficient

1. Machines described in Study 1

Equation A7 in appendix A gives the damping coefficient of a generator

as being:
1 1 1 1
d 60 0] [] " t
3 x3 X3 xq xq q
xﬂ X"
where Ty = -% . 9 and ™" = —2 , T
X3 do q xq go

The machines in problem 1 are 30 MVA waterwheel generators.
Ref.30 (p.218 table 3 and p.240, example 2) gives figures which were taken
as being typical for a machine of this type and rating. The following
figures were taken from ref, 30.

Reactances in per=-unit :

x& 0.37 x& 0,24

x!

0.75 xg = 0535k
Time constants in seconds :

"o _ "= 0,
Tdo = 0,085 qu 0.035

Let V = 0.95 per unit (as given in section 4.2.1.)

infinite busbar voltage.
Substituting the figures in the expression for the damping coefficient gives:

Ky = 47,107 KW sec/KVA degree.

Equation 3.3~} p.22 gives an expression for the damping coefficient

Ké of the generator simulator, which is:



-D 2 =

2:N.R.E!.E P
= = r DP.U.

Re ko Tsike PF
m

!
%

The swing curves showa in fig. lL.4. were taken with the following values
for the symbols in the above expression: (see section 4.2.1.)
A = 0.29 (see fig. 3.3. page 20)

R = 120 X.ohm

O
Er = 10V
Ep.u’ = 1'125 Pele
P = 60 MVA
a = 0,12

k =12.18 rad. per. sec/V
r =1 M.ohm

k = 0.25) V/mA

P' = 100 mVA

Using the above figures gives Ka a value of
y 6 .
K{ =1.27 .10 W sec/rad.

22,2 . 10° W sec/degr.

On a base of 60 MVA, the per-unit damping coefficient is:

= 3.7 . 107 R sec/XVA degr.

Comparing the damping coefficients of the generator and the simulator
shows that there is less damping in the simulator than the figure assumed for
the equivalent generator in the problem. If the generator damping coefficient
were given, the simulator damping coefficient could be set to that value since
the minimum simulator damping coefficient would be less than the generator
demping coefficient.

2. Damping....
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2. Damping coefficient - Study 2

The generator mentioned in Section 4.2.2 is a 25 MVA waterwheel machine,
Since its reactances and time constants ere not given, it is assumed that the
figures given in section 1 of appendix D are typical of a machine of this
rating.

Calculating the damping coefficient as before, and using a voltage of
1.00 p.u. as the infinite busbar voltage (see section 4.2.2) gives Ka as
beings

K, = 5.2 « 107 KW sec/KVA degr.

For calculating Ka all constants are the same as in page D2, except

for the following:

B

=

pouo

1.03 per unit

P = 25 MVA

using these figures gives:

K} = 7.6 107 ®w sec/KVA degree on a base of 25 MVA.

The damping coefficient of the simulator cannot be reduced below the
equivalent of 22,2 KW sec/deg. Further reduction in Ké causes the simulator
to start hunting.

Regarding the simulator as a feedback control loop, it can be said that
the device will be unstable if the phase shif't around the loop reaches 180°
whilst the loop gain is still greater or equal to unity.

In this apparatus the integrator causes a 90o phase shift. Any other
90o phase shif't in the same sense will thus lead to instability. Such an
additional phase shif't is produced by the low pass filter following the

variable fregquency oscillator, as shown in fig.ES8.

A phase~lead.cces..
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A phase-=lead network could be put in the feedback loop to reduce the
loop phase shift, but since the frequency of hunting is also the frequency
at which the simulator oscillates during transient studies, such a network
would not only affect the hunting but also influence the transient performance
of the simulator,

It appears as if the problem can be solved by putting a lead network
in circuit after the filter. This network could be a single-stage pentode

connected as a differentiator, as shown below:

fig.Dl. Phase compensating element.

This circuit will cause a phase shift in the oscillator output
which will cancel the phase shif't produced by the filter.

In this part of the loop a phase shift will not affect the
dec. analogue, but it should make it possible to reduce the damping to

a value equal to the damping of a generator,
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Appendix E_

§gggifications and circuit diggrams of the units comprising the
generator simulator.

The simulator can be split into two sectionms, i.e. a part consisting
of the d.c. analogue circuit, and a section which includes the coupling

units and the a.c. units, as shown in fig. E.1.

vVariable
frequency Power
Oscillalor Ampl Frer

gl

Phase Derector

R 57 A

coupling vrils and

]
1
|
|
|
|
i
+
|
|
1
|
|
|
|
|
|
bt
| ac. crcuils

-« dc. ano/ogue cireutlt -

fig. E.l. Block diagram of the generator simulator.

1. D.C. AMFLIFIERS

The d.ce. analogue circuit contains three d.c. operational amplifiers,
which are identical to those designed for the computer described in ref.35.

The theory of their fleedback circuitry is explained in appendix C.
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Fig, E.2, D.c. operational amplifier.

Specif'ications of the d.c. amplifier:

Gain = 6,700
Bandwidth = dc to 5 Ke/s (-3dB)
Max.output = % 40 V
Maxe.load = 30 K.obkm.

Further information on the d.c. amplifier is given in ref. 35.

Feedbackeccooe
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Feedback loop d.c. amplifier Al

The amplifier in the feedback loop of the simulator has its

feedback resistors connected as shown in fig. E.3.

Ry
3 —
300k i "
70 Inteqgralor
From © + /M g
Phase
aereclor

Fig.E.3. Connection diagram of amplifier in simulator feedback loop.

Switch Sy allows the amplifier input to be earthed, so that the d.c.
balence of the d.c. amplifier Al can be adjusted. Variable resistor Rl
controls the gain of the amplifier, and thus the constant k (see
equation 3.1-5 p.11). Changing k is equivalent to changing the

excitation of a generator as far as the d.c. analogue is concerned.

Integrator...c...
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Integrator and demping amplifier

o
To moaulator

Fig.E.lL. Integrator and damping amplifier connection diagram.

5

Sy

5

earths the integrator input when amplifier A_ is being balanced.

2
connects a resistor across the feedback capacitor of the integrator

amplifier A, to make balancing easier,

2
controls the voltage that backs off the feedback signal from the

phase detector and its d.c. amplifier. This voltage, V}, is the
equivalent of the mechanical power input to the generator. R1

thus is the "steam valve",

determines the amount of damping of the integrator. When the full
output of the integrator is fed to the damping amplifier A3’ A=1
(see equation 3.3=ky €.g.)

is the feedback capacitor of the integrator. Changing C is ecuivalent

to changing the inertia constant of a generator.

2N @ VURIGS: ¢ o ors
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2, A.C. units. The a.c. section of the simuletor consists of a veriable
frequency oscillater, a filter and pre-amplifier, a power amplifier

and a phase detector,

(1) Variable freguency oscillator
Although a separate modulator and oscillator were shown in the block

diagram (fig.3.1l. p 10) the two units are in fact combined in one circuit.

fig. E.D. Variable frequency oscillator.

A multivibrator oscillator was used, since the amplitude of its output
voltage is independent of all except the supply voltage, and that can be
stabilised easily. Potentiometer Rl, sets the frequency of oscillation.

The frequency is controlled by applying a voltage to the input terminals.

The......
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The characteristic of the oscillator is shown in fig. E.6.

540

Y (¢/s)

520

Ll

FREQUENC

invput (Voirs)
L L L

Lj T

=) /0 5

sLoPe = K,
4804 = /94 cpslvoir

=/2/8 f-'p'S/Vo//—

4601
Fig. E.6a Oscillator frequency vs. input voltage.

(ii) Low-pass filter and pre-amplifier
The square wave output of the oscillator is passed through a
low-pass filter and amplified by a pre~amplifier, where the amplitude

of the signal can be adjusted.
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Fig. E.{. Low-pass filter and pre-amplifier.
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Fig.E.8. Frequency response curves of low-pass filter and preamplifier.

Amplifier.....
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Amplifiér gain = 34 dB (measured at 500 c¢/s)

Filter attenuation = 8 dB in pass band (measured at 500 ¢/s). The
third hermonic of the fundamental is a third of the amplitude of the
fundamental in a perfect square wave. The filter reduces the third harmonioc
of the square wave input by another 20 dB, so that the output of the filter

is a sine ‘wave with very little distortion (about 3%).

(i1ii) Power amplifier

The output from the pre-amplifier shown in fig.E.7 is passed through
an amplifier to obtain a low impedance source for feeding the network
analyser. The amplifier must be able to feed sufficient current intec

resistive and reactive loads such as the impedances in the network analyser

reguire,
+200V
X
™
m
10p 301
' ll Oulpul
Input

Fig.E.9. Power amplifier.

Powereeecee
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Power amplifier specifications:

Without feedback:

gain = 45 dB at 500 q/s
output impedance = 45 ohms.
With feedback:
gain = 1.1 dB
output impedance = 0.5 ohms.

Bandwidth ¢ 15 ¢/s to 50 kc/s (-1dB)

(iv) Phase detector (see appendix B)

Instead of using a current transformer to obtain a voltage proportional
to the output current of the phase detector, a low value resistor was put in
series with the power amplifier. The voltage drop across this series
resistor is amplified by a floating transistor amplifier (fig. E.10) whose

cutput is applied to the phase detector proper (fig. E.1l).

From
Power
AmpliFrer

o
Nelwork
Analyser

Fig. E.10 Transistor amplifier.

Pransister.....
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Transistor amplifier specifications.
With feedback, and with load connected:
Gain = 48

Bandwidth : 12 ¢/s to 100 Ke/s (=3dB)

From Power 5 4
AmphFier

/oso/f sl ﬁ

: Z 3

From Jransistor
AmpliFrer 3
3 6

Fig. E.ll Phase detector.

70 de.
Amplifrer

=8 | f=
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Appendix F Auxilliary eguipment

1. Phase angle recorder

An instrument had been built35

two 500 q/s voltages. It is used in the simulator to measure the angle between

which could measure the phase angle between

the generator internal emf.(power amplifier output voltage) and infinite

busbars (reference voltage in the network analyser).

The relative phase angle of the two voltages is measured by squaring
and differentiating the two signals to get two series of pulses, which occur
at the instants where the two input voltage sinusoids are zero. These pulses
are then shaped in two monostable multivibrators. The one series of pulses is
used to synchronise a saw-tooth generator. The other series of pulses switches
a sampling circuit, which ssmples the height of the saw-tooth voltage once per

cycle. The sampling circuit stores the voltage it measures for one cycle, when

Sampling
Circunt
Input/ il i (L Lt
L e i j'm[ ~ Oulput
& e : g ST
4 on a
Squarer DiFfFerenfiafor Multvibrator 1
o ¥ i NN
Inpur2_ | o i i
o i & J‘-VJ Uu
a, Saw/looth
Oscillalor
@)

Galing pulse
_’: 5 triggered by npur /.
|
- Saw/footh Iriggered
: & . by mput 2
1 L ) 1
’T’PJ__}_

Ou/lput voltage
)

Fig.F.l. Phase angle recorder.
' (a) Block disgram. (b) Waveforms.
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it repeats its measurement. The voltage in the sampling circuit, which is a
measure of the phase angle between the two voltages, can be displayed on a

C.R.0. (for transient measurements) or a high resistance d.c. voltmeter.
2) Network impedence switching unit

A switch was built36 which mede it possible to apply end clear faults in
the network between the generator simulator and the reference oscillator in
the network analyser. The fault duration can be set to the reguired time,and
provision is made for the post-f'ault impedance to be either more or less then

the pre-fault impedance.

The unit consists of a 1000¢/s clock oscillator followed by a pulse
shaping circuit to convert the oscillator output into pulses. The pulses are
used to drive two cold cathode decade scaling tubes. By making a connection
to the appropriate cathodes of the scaling tubes, pulses with a spacing of 1

to 900 m.sec. cen be obtained.

The output from the scaling tubes is used to drive a bistable circuit,
which operates a number of high speed charnge=-over relays. The relays go from
one position to another for the period of time between the pulses from the
scaling tubes. By making appropriate connections to the relays, the desired

switching operatimns can be obtained.

Decade
Scolers
Squarer
ny JuU Juun £ S 1
Clock Mongs/able
. Oscillaler Muirrvibralor JL JL
‘ Brslable
Cwrecurl
)
zboe Line
Relay
| Circurt

Fig. F.2, Switch unit.
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