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ABSTRACT

This thesis examines overvoltage stresses in the field cir-
cuits of .synchronous machines connected to predominantly capacitive
loads. It 1is shown that violent field current oscillations can be
produced by resonances between the machine inductances and the terminal
capacitance. As most static exciters do not allow reverse current, any
attempt of the field current to reverse due to these oscillations
causes severe field overvoltages.

In order to study this problem, a detailed synchronous
machine model to be used with an Electromagnetic Transients Program is
developed, with a novel interfacing technique which renders the simula-
tion very stable and accurate. This simulation program is used to
model complex situations 1in which the above mentioned overvoltages
would occur, and also to explain a hitherto unexplained situation of
exciter damage due to these overvoltages in Manitoba Hydro's Northern
Collector System. |

It is shown that the most severe overvoltage stresses occur
to the exciter of the last machine to trip off a large capacitive load.
It is also shown that if such stresses damage the exciter thyristors,
these fail in the short circuited mode and thereby limit the rate of
rise of terminal voltage during conditions of self excitation. Apart
from these simulations, the nature (magnitude and frequencies) of the
field transients is explained mathematically.

Methods to protect against such overvoltages and the speed

requirements on field voltage surge suppressors have also been out-

lined. These methods are much the same as have been suggested by



others for exciter protection against field overvoltages due to other
causes.

The field overvoltage phenomenon is also demonstrated on a
laboratory setup, and the agreement with the predictions from simula-

tions of such a case is excellent.
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LIST OF SYMBOLS

Tabulated below are some of the more frequently occurring

symbols used in the text. Other symbols, which occur say only once,

have been explained where used.

D
Eg
Ell ’Eo

£f0(wo)

fr(wr)

per unit damping constant for synchronous machine

voltage behind synchronous impedance
voltage behind subtransient reactance

power system normal frequency (angular frequency) (usually
60 Hz, 377 rad/s)

resonant frequency (angular resonant frequency) of

machine—-capacitor oscillations

frequency induced in field due to positive sequence
frequency induced in field due to negative sequence

dc current

d-axis, q—axis ammortessieur and field currents
g-axis and q-axis ammortessieur currents
magnetizing current

positive and negative sequence stator currents

armature leakage inductance (reactance)
d-axis magnetizing inductance (reactance)
Amortesseur (d-axis) inductance (reactance)
Field inductance (reactance)

q-axis magnetizing inductance (reactance)
g-axis amortesseur inductance (reactance)

inductance representing mutual flux linking only the

amortesseur and field windings

- xi -



P,Q real and reactive powers
P Heaviside operator (d/dt)

r,,Tyg>Fg armature, d-amortesseur and field winding resistances

Tkq g-amortesseur resistance

Riev field reverse resistance

s Laplace Transform Variable (functionally, the same as p)
Tes Ty electrical and mechanical machine torques

Ug,Ugsuf d-axis, gq-axis and field applied voltages

VisEy terminal voltage

Viev reverse voltage in field (i.e., Ug when I < 0)
Vief reference voltage.on exciter

X capacitive reactance

Xcom dc commutating reactance

X;,X; d;q-axes subtransient reactances

o converter bridge firing angle

B 180° -«

Ys(Ypin)  extinction angle (minimum extinction angle)

§ machine angle
6(t) rotor position in time

Vas¥q d- and q-axes fluxes

w angular frequency (d6/dt)

governor reference frequency (usually w()

- xii -



CHAPTER 1

INTRODUCTION

1.1 The Problem

A synchronous machine with a predominantly capacitive (lead-
ing power factor) load behaves quite differently from the more usual
case of a machine loaded with a lagging power factor load. Some of the
phenomena that occur with excessive terminal capacitance are self-
excitation (in which the machine flux rapidly builds up and results in
excessive terminal voltage), and subsynchronous oscillations. These
pheonomena have been studied before in some detail [1, 2, 3, 4, 5].
However, the effect of the terminal capacitance on the field circuit of
the synchronous machine is relatively unknown. This thesis examines
this problem, and shows that violent oscillations can result in the
field current of the machine when it is suddenly made to pick up capa-
citive load. 1If these oscillations are not allowed to continue, as for
example when the thyristors of the excitation system prevent reverse
current, very high voltages can result across the field terminals,
which can cause damage to the thyristors of the excitation system. The
primary objective of this thesis was therefore to determine the cause
of and to construct a mathematical model for the study of these field
transients, and to suggest ways of preventing such damage that they
might cause.

As adequate tools for a detailed study were unavailable at
the beginning of this study, a considerable effort was spent towards
the modelling of the phenomena on the digital computer, and this too

forms a topic covered in some detail in this thesis.



1.2 The Background

The northern end of the Manitoba Hydro HVDC system consists
of two generating stations (Kettle and Long Spruce) feeding two HVDC
transmission circuits which transmit the power to the south. The rec-
tifier buses at Radisson and Henday converter stations (Figure 1.2.1)

convert the generated ac power to dc for transmission. A certain

KETTLE
(uNiTS 3,7,5)
= == LONG SPRUCE
N (3 unITS)
229MVAR * T~ 200 MVAR
_FILTER T [~ FILTER
; I T 1
RADISSON HENDAY

BIPOLE 1 1 2 BIPOLE 2

\J/’ 0 MwW \\l/ 280 MwW

Figure 1.2.1: Single line diagram of collector system at
9:21:46.930 on September 30, 1978.

number of filters are thus necessary at the converter stations to
filter out harmonic currents generated by the converters. Typically,

on the ac side of the system, filters for the Sth, 7th, llth

and 13th

harmonics, and high pass filters for higher harmonics, are provided.
At fundamental frequency though (about 60:Hz - since the system is
completely asynchronous with the receiving ac system, and hence funda-

mental frequency may vary transiently from 54 to 80 Hz), the filters

appear capacitive. When the bipoles (rectifiers) block, increased



capacitance is suddenly felt by the machines because with the bipole
operating, the filter capacitance is somewhat cancelled by the lagging
power factor of the rectifier, which is no longer the case after the
rectifiers block.

In the past, with the system operating with blocked bipoles
(i.e., with high VAR inflow into the machines) as discussed above, and
with a small number of machines operating at Kettle and Long Spruce,
the tripping of some Kettle machines seems to have caused extensive
damage to the exciters of those remaining on line. Typically, the last
unit to trip suffered the most damage. The worst incident is one which
occurred on September 30, 1978 [6, 7].

Due to a prior disturbance, at 9:22 on September 30, 1978,
the Northern Collector System of Manitoba Hydro found itself in the
configuration of Figure 1.2.1, with the three machines at the Kettle
Generating Station (Units 3, 7 and 5) absorbing a large amount of reac-
tive power ‘(VARs). At this instant, the dc rectifier (Bipole 2)-
blocked, and the machines felt a sudden increase in VAR loading, and
this disturbance caused the machines at Kettle to trip in the sequence
7, 3, 5. The thyristors in the exciter of the last unit to trip (Unit
5) were damaged and had failed in the short-circuited mode, while the
exciters of Units 7 and 3 showed marks of flashover due to high
voltage, but had no thyristor failures [7, 8]. It is believed that
these failures were due to transients in the  field current due to the

predominantly capacitive load on the machine terminals.



1.3 The Cause

(i) The reason given previously was that pole slipping
occurred and the consequent rotor induced voltage could not properly be
limited by the surge arrestor. (Figure 1.3.1 shows a schematic of the

excitation arrangement, where each thyristor actually stands for seven

SNUBBER—>
EXCITER = 3 R: [y
o8 | 28 23
, RN
— SURGE TO
SUPPRESSO SLIP RINGS
7 -
THYRISTORS T 23 2& ZS
(2 SERIES T
o -

7 PARALLEL)

?
'
4

[ ]
Asl 3

CONTROL

Figure 1.3.1: Schematic of the solid state exciter.

strings of two series thyristors each.) Previous literature [9, 10,
11] shows that for the pole slipping case, the maximum overvoltages
induced are of the order of 20 - 30 times the nominal field voltage.
As under maximum excitation conditions, the exciter has an output of
about £5 times nominal, the pole slipping overvoltage is only about 5
times higher. In fact, much higher overvoltages occur in the field
circuit for line-to-line short circuits on the generator, and the surge

arrestors are presumably able to withstand some of these [9, 12].



In fact, sustained pole slipping has been observed [11], without any
damage reported.

Hence, pole slipping does not appear to be the primary cause
of the exciter damage, though, as machines started to trip, the unequ-
ally loaded Long Spruce and Kettle systems might have stepped out of
synchronism with each other later on.

(i1) Another reason advanced arose from the fact that the
exciter feeder transformer overcurrent relay operated. This seems to
imply that stator side overvoltage forced extra current through the
exciter, especially because of possible spurious (due to dv/dt) turn on
of a thyristor. While this could have happened, it could not be the
cause for thyristor damage because: (1) the current was not high
enough to damage the exciter transformer; and (2) the terminal voltage
on the exciter would have to rise abnormally high to cause reverse
breakdown of the thyristors.

(iii) In going through the literature [9, 10, 12, 13], one
comes across exciter stresses caused by negative going transients indu-
ced in the rotor circuits, when the exciters feeding the rotor do not
have negative current capability (exactly as it is at Kettle). Such
transients can occur, for example, for a line-to-line short circuit.
Under these conditions, the stator field which was previously rotating
at an electrical frequency of 60 Hz, now has an additional stationary
(or dc) component due to the short circuit (terminal) conditions of the
machine. As the rotor, which is still rotating nominally at 60 Hz,
sweeps past the stationary component of the magnetic field, 60 Hz tran-
sients are induced in it, and may cause the current to cross zero, and

attempt to reverse. Because the thyristors prohibit the current from



going mnegative, a very high overvoltage results, due to the sudden
interruption of energy flow in the rotor circuit.

The situation with a capacitive load (i.e., filters), is
similar. With many machines feeding a capacitive load, the tripping of
a few of them effectively puts increased capacitance on the others.
The capacitor forms an oscillatory circuit with the inductive elements

of the machine, and the resulting ringing of frequency fr sets up

rotating fields (either positive sequence or negative sequence) in the

machine, which induce currents of frequencies fr + 60 Hz in the rotor.

If the resultant current now goes negative, overvoltages result.

Normally, the surge arrestor across the winding should limit
the overvoltage, but if it is slow-acting, or has insufficient energy
absorption capability, thyristor damage may still result. This appears
to be the case with the Kettle surge arrestors.

This third reason for the damage seems most probable (though
pole slipping could have occurred at a later stage, as machines at Long
Spruce and Kettle sped up unequally). A computer program was developed
which simulated the machine. The machine model was incorporated into a
transients simulation program called MH-EMIDC, developed by D. Woodford
[14] at Manitoba Hydro. Results of the simulation‘do indeed show these

field overvoltages.

1.4 The Scope of the Thesis: -

The study was organized into the following sections:
(1) A theoretical explanation of the field current tran-

sients based on a pure capacitance connected to an



follows:

(2)

(3

(4)

The

1)

ideal synchronous machine. The behaviour of the field
current time constant was also investigated. The
results are substantiated by comparison with an actual
laboratory machine [Chapter 2].

Modelling details of the machine model, and its host
programming environment are discussed. Modelling
formed quite an important part of the study, as time
domain simulation of machines, filters and dc conver-
ters was carried out [Chapter 3]. A novel way of
interconnecting the machine model to EMIDC was devel-
oped, which resulted in a very stable simulation. It
also got rid of drawbacks such as the requirement to
separate two different machines by distributed para-
meter transmission lines, as in the case of other
models [15].

Analysis of an actual case of such exciter damage,
i.e., the problem on Manitoba Hydro's Northern Collec-
tor System as described in Section 1.2 [Chapter 4] is
included.

Methods for protection against such overvoltages

[Chapter 5] are suggested.

major conclusions of this thesis can be stated as

Overvoltages occur in the field circuits of machines
that are made to suddenly pick up capacitive load,
from either inductive load rejection or tripping of

some of many machines connected to capacitive loads.



(2)

(3)

(4)

These overvoltages are due to field current transients
attempting to go negative, the transients being due to
L-C type oscillations between the machine reactances
and the terminal capacitance. Needless to say, no
such overvoltages exist in exciters with negative
field current capability. The exciter overvoltage is
most severe in the case of a machine in or near self-
excitation.

Excitation control is ineffective in controlling these
overvoltages because the machine's field time constant
is extremely large when the machine is on capacitive
load; and so the exciters cannot change field current
very rapidly.

Different kinds of capacitor 1loads give different
kinds of overvoltages (in magnitude and frequency).
No overvoltage i1is induced when, say, one of two
machines absorbing reactive power generated by another
generating plant trips. Likewise, proper modelling of
the dc converter is required in order to obtain the
proper load rejection overvoltage in the field of a
machine connected to a dc converter station.
Protection schemes using surge arrestors with fast
breakdown or a reduced reverse field resistance, may

help in curtailing these overvoltages.



(3

The machine model, with its unique type of interface
with EMTDC, results in a very stable simulation, with~
out restrictions such as are present in other models
that operate in programs such as the Bonneville Power

Administration's EMTP program.



CHAPTER 2

The Synchronous Machine on Capacitor Loads

2.1 Introduction

Leading Power factor loads are amongst the worst types of
loads possible on a synchronous machine. Under fault conditions, the
field circuit of a machine with such a load may be unduly stressed. If
the load is too capacitive, a form of instability known as self excita-
tion may result, in which the terminal voltage and current in the
machine keep growing, to be limited only by machine saturation. Added
to all this is the fact that the field circuit time constant increases
with more capacitive load and hence the response of the field becomes
more sluggish which could prove detrimental if some rapid control is
desired. It should be noted that excitation control of the terminal

voltage may still be rapid as the gain of the function AVt/AUf also

changes. 1In this chapter we shall discuss certain types of transients
seen by the field circuit on sudden load rejection, and on tripping of
machines connected to a purely capacitive load. Other phenomena such
as short circuits on capacitive loads [9, 12, 17] and self excitation
[1, 2, 3, 5, 16] have been investigated in detail previously.

As algebraic manipulation is quite difficult in many cases,
digital computer solutions have been used to augment the algebraic
analysis. The machine is represented by the two axis model [20, 21]
with three windings on the direct axis and two windings on the quadra-
ture axis, as shown in Fig. 2.1.1. Modelling details are discussed in
the next chapter. . In this chapter the effects of the excitation and
governor systems have been neglected as only the very basic effects are

to be studied.
- 10 -
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(a) d axis (b) q axis

Figure 2.1.1: The machine equivalent circuits

The following sections examine the effects of capacitive
loading wusing the parameters of Manitoba Hydro's Kettle Generating
Station machine (Appendix II, Table 2.1) without considering the ef-
fects of saturation. The chapter concludes with a demonstration of
some of these effects on a 15 kVA laboratory machine with saturation
modelled in some cases. The data for both machines is given in Tables

A 2.1 and A 2.2 in Appendix II.

2.2 Field Current on Sudden Capacitive Loading Due to Load Rejection

Figure 2.2.1 shows the situation under study. The R-L 1load
might represent, for example, the load due to an HVDC converter, and

the capacitor might represent an ac filter cohnected to the converter.

Tripping the bipole causes an oscillation between the capacitor and

machine, similar to subsynchronous oscillations [16].

- 11 -



The R and L values have been selected to represent 1 pu
loading on the machine so that the simulation represents a full load

rejection. The field current waveform is shown in Figure 2.2.2 a.

— Xc =2pu R=1pu X,=1pu

Figure 2.2.1: Single Line Diagram for Load Rejection Simulation.

The machine data corresponds to that of one of Manitoba Hydro's 120 MVA
Kettle Station generators. One notices that the waveform of field
current has a number of spikes of various frequencies present in it.
I1f the field current were to come sufficiently low in value, so that
some of these spikes reached the zero axis, this would mean a transient
reversal of current in the field circuit. If the exciter does not
allow a negative current, as is indeed the case with most static exci-
ters, a large overvoltage appears across the field slip rings. This is
similar to the case of an asymmetric short circuit on a capacitively
loaded machine [9, 10, 12] in which the field current goes transiently
negative (Figure 2.2.3) causing overvoltage spikes of substantial mag-
nitude (up to ~120 times open circuit field voltage). The mechanism
that causes a field current reversal, though, is different in the two
cases.

From the waveform of Figure 2.2.2 a, one notices that the

spikes do not extend very much below the dc component of the field cur-

-12 -
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Figure 2.2.2:Waveforms for Load Rejection of R-L Load
(Xl=l.0pu;R=l.Opu;Xc=2.0pu)
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rent. Thus, for the spikes to cross zero, the field current dc value

itself must come very close to zero, i.e., the machine must get very

near self excitation.

ARMATURE
CURRENT %
VOLTAGE

FIELD
CURRENT &
VOLTAGE

: Line-to-line short circuit, generator mode, p.u. values:
i =1-16 p = 0-97 q=-0-63
i =114
4, = 139

Figure 2.2.3: Overvoltages due to 1 - 1 short circuits
by Canay [12].

Usual magnitudes of real and reactive powers consumed by an
HVDC converter and the magnitude of the filter capacitance are such,
that a load rejection of the above sort seldom leads close to self
excitation, end hence, as shown in Figure 2.2.2 a the field current
never reaches low values. Hence, there is little probability of field
overvoltage in the above case. However, the field current can go lower

than that shown in Figure 2.2.2 a if there are other factors in the

-14 -



pover system such as machines at another plant, which begin supplying
VARs (to the other plant) due to a change in the load flow on account
of the load rejection. This factor will be considered in a later
chapter. Also, if other machines at the generating station trip, then
the machines remaining behind are forced to have a lower field current,
which can make the superposed spikes touch the zero axis.
On closer inspection of Figure 2.2.2 a, one notices that it
has three components. There is a dc component, and two ac components:
the two ac frequencies differ by 120 Hz. (In Figure 2.2.2 a the fre-
quencies are approximately 113 Hz and 233 Hz, respectively). The
presence of these components of current can be explained as follows:
(i) The dc component is due to a sudden increase in magneti-
zing armature current on account of the increased capa-
citive loading. The field currenﬁ decreases in order to
maintain constant flux linkage.

(ii) The presence of the ac components can be explained with
the help of Figure 2.2.4 which shows the subtransient
model of the machine. (For the sake of this argument,

the subtransient reactances xd and x; have been

assumed equal.)

I

B

»
o

Figure 2.2.4: Post-Rejection system model
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The opening of switch S excites the natural frequency

of the circuit to its left which is

£ o= £ /% ces 2,241

where fo is the system frequency).

An armature current of this frequency produces a magnetic
field in the machine air gap which may be decomposed into its sequence

components, i.e., two rotating magnetic fields in the air gap rotating

in opposite directions with natural frequency fr. With respect to the

rotor, which is rotating synchronously, these fields appear to have

frequencies fr + fo and fr - fo for the negative and positive

sequence rotating fields respectively. Thus rotor currents are induced
at each of these frequencies. Note that the difference of the two
frequencies is 2fo s Which in this case is 120 Hz as observed. Also,

in the example, x, = 2 pu, x; = 0.25 pu, so that

£ = f /fg- = 170 H2 = a
r oV x
d
f- = f + f = 230 Hz — b | °oo0 o 2-202
T (o] -
+
£ = f -1 = 110 Hz -— ¢
r [o)

which is in close agreement with the observations of Figure 2.2.2 a.

The additional frequency fr in the armature current is also visible
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in Figure 2.2.2 c.

2.3 Field Current Response Due to Machinés Tripping on
Capacitive Load -- Non Self Excited Case

Figure 2.3.1 shows three machines left isolated onto a large
capacitive load, after their real power load has been rejected. This
situation corresponds to the case of the blocking of an HVDC converter
and the subsequent isolation of the machines at the generating station
onto the converter's ac side filters. Now if for some reason some
relay operation causes the machines to trip and they do not do so
simultaneously, the machines to trip last see a sudden increase in VARs

transiently, after the earlier machines are tripped.

O——7

— Xc=1.2 pu

ety
Co—
-

Figure 2.3.1: Machines Tripping on a Purely Capacitive Load.

Figure 2.3.2 shows the field current, field voltage and
terminal voltagé waveforms for the remaining machine of Figure 2.3.1
following the simultaneous tripping of the other two machines. Note
that the field current falls quite low, and‘some of the ac transient

spikes actually touch zero. If the exciter on the machine does not

have negative field current capability (which is the case with most of

the modern thyristorized solid state exciters), a large voltage appears
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across the field slip-rings as the field circuit loop 1s interrrupted
because the thyristors do not conduct in reverse. This field overvolt-
age is shown in Figure 2.3.2 b, and it should be noted that unlike pole
slipping and short circuit induced field overvoltages [9, 10, 12], it
has an extremely sharp rate of rise (though a smaller duration per
peak) on account of the higher frequencies in the field current. If
the surge arrestors across the field circuit are not fast enocugh to
quench the leading edges of these overvoltage spikes, the thyristors of
the excitation system can be damaged.

It can be seen from Figure 2.3.2 b that for the case under
consideration, the overvoltage was about 50 times the open circuit
field voltage (eg., voltage on the field circuit required to produce
rated terminal voltage on the open circuited machine). It will be seen
from later chapters that the overvoltage can be even higher if the load
is modelled not just as a capacitdr, but as a tuned circuit, such as a
filter. The observed terminal voltage is seen in Figure 2.3.2 ¢, and
shows an overvoltage on account of the sudden increase in VARs into the
machine. (In an actual generator, the exciter would try to bring this
voltage down, but for the purposes of this simulation, the exciter has

not been modelled.)

- 18 -



0.40 0.60 0.80

20

0.

24, 36. 48.

12,

0.8

-0.0,

-0.8

a) FIELD CURRENT (PU)

6000

b) FIELD VOLTS

(X OPEN CKT FLD VOLTS)

L i

¢) TERMINAL VOLTAGE (PU)

e ey H

i
T

.32 0.40 0.48
TIME (SEC)

Figure 2.3.2:2 out of 3 Machines Tripping on
~ Capacitor Load (Xc=l.2 pu)
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2.4 Field Current Response of Machines Tripping on
Capacitive Load - Self Excited Case

This case is similar to that of the previous section, except
that when two machines trip, the third one sees a capacitive load,

X, = 0.83 pu, which is large enough to cause self excitation, in the

final moments before it too trips. This interval, for which the
machine sees this excessively large capacitive load, may be of too
short a duration to cause any excessive voltage rise on its terminals.
The field current, however, would immediately be affected and very
large overvoltages could occur. The waveforms for this case are shown
in Figure 2.4.1.

Note that the field current goes to zero immediately (Figure
2.4.1 a) and overvoltage spikes appear in the field voltage (Figure
2.4.1 b). If for any reason the machine breaker fails to operate, the
machine can suffer severe overvoltage on its terminals (Figure 2.4.1
c). The field voltage shows initial spikes of large magnitude due to
the ac component of field current. The sustained field overvoltage
later on, which rises exponentially, is due to the continuing self
excitation. Note that the field voltage spikes are in excess of 160
times the open circuit field voltage. Later simulations will show that
the terminal voltage does not rise continuously as in Figure 2.4.1 c,
but is limited by machine saturation.

Cascaded Tripping. In reality, “when machines trip, they

would trip in some sequence, and not two at the same time as suggested
in Figure 2.3.1. The graphs of Figure 2.4.2 show the case of first one

and then the second of the three machines of Figure 2.3.1 tripping with
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Figure 2.4.1: 2 out of 3 Machines Tripping on
Capacitive Load-Self Excited Case. (Xc = 0.85pu)
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Figure 2.4.2: Cascaded Tripping of Machines
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about a 50 ms delay between them. There is no overvoltage in the field
circuit after the tripping of the first machine, but there is consider-
able overvoltage after the tripping of the second machine. This ex-
plains' why the last machine to remain usually suffers the greatest
damage to its exciter thyristors on account of such capacitor induced
transients.

2.5 Effect of Exciter Thyristor Failure

In this study, the exciter thyristors were made to fail in

the short—circuit mode if the following condition occurred (with

reverse field current induced field voltage Vrev):

j]vrevt dt > D for V_ >V .

where Vbd is the peak reverse voltage of the thyristor string, and

BD 1is a specified quantity representing an energy absorption capabil-
ity, The integration was used to simulate the fact that the surge
arrestor and smaller circuits cushion the thyristors against some of
the overvoltage. Figure 2.5.1 a shows the field current. Note the
negative field current after the breakdown has occurred. Figure 2.5.1
b shows the field overvoltage (which exists before the thyristors break
down). Comparing Figures 2.4.2 c and 2.5.1 c, one sees that the thy-
ristor breakdown curtails the stator overvoltage, giving time for the
machine to trip safely. (de Mello et al. have established [1] that
negative current capability in the exciter slows down self excitation.
Thyristors that have failed shorted, in fact, introduce this capa-

bility.)
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Figure 2.5.1 : Waveforms with Thyristor Failure Modelled.
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2.6 Analysis of the Field Transients

In Section 2.2, a preliminary analysis of induced field cur-

rents was given; In this section, a more detailed analysis of tran-
sients in the field circuit will be provided.

Figure 2.6.1 shows the equivalent circuit of a synchronous
machine in a time period immediately following a sudden change in capa-
citive loading. As the voltages behind the subtransient reactances xé

and xa remain essentially unchanged, and as x& = xa = x", then

subtransiently, the machine may be regarded as of the cylindrical rotor

type.

i(t) J— Xc;Veo

1

Figure 2.6.1: Equivalent circuit for sudden capacitive loading

The resulting current oscillations may now be written as:
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~Ep

i(t) = —— sin (wot - ¢g)
c
Egw_ cos ¢g \
T Co
+ [ - - ] sinw_t cer 2.6.1
(wr wf )L - r
Egwp sin ¢g
+ [ ILO - (wr m—SYE ] cos wrt
where 4" = x"/wo’ xr = wrz"’ mr = 72—'1;_(-‘_- H wo is the fundamental

frequency, Ep cos (wgt - ¢o) being the voltage behind subtransient

reactance, VCO and ILO being initial capacitor voltage and inductor

current, respectively.
Note that equation 2.6.1 has two components, one at 60 Hz

frequency, and the other at frequency w. = wg/xc/x" . Also note that

the 60 Hz component in phasor form is:

E
III = . o o 9 o 2.6.2
g J(xc -x")

as 1s to be expected, from a subtransient phasor solution of the
system.

Now consider the situation of Figute 2.6.2, where one out of
two machines feeding a capacitor load suddenly trips. Equations of the
form 2.6.1 may be written for all three phase currents. Neglect for

the time being the fundamental frequency component of the current, and
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concentrate on the component of frequency W (represented by iA Yo
T
Figure 2.6.2: One out of two machines trips
Thus:
Ejw_ cos ¢
0" r 0 \)
A CoA
T r r
o8 0 2.6.3
onO sin $9

A
[ II.OA - (wi - wf)e” ] cos wt

and similarly for phases B and C.

Note that as thé system was initially in steady-state
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$oc = ¢OB+2n/3 s 905 = ¢OA+ 2n/3
- 20694
ILOA = IO cos A, IiDB = IO cos (A - 2n/3),
IlDC = IO cos (A = 4n/3); and
= -+ -—
VCOA V0 cos Yy VCOB VO cos (yg = 2n/3)
VCOC = VO cos (yg - 4m/3).
Also, because of the absence of the neutral
Z i (t) = O = Z I (w ) coe 2.6.5
A,B,c  “r AT
where the capitals stand for phasors of frequency wr.
The vector of phasor currents (I 1 IC ), can be trans-

A?* "B’
T r r

formed by means of a well known [22, 23] symmetrical components trans-

formation:
-t
2 — -
1 1 a a IA
b
I |=] 1 a a I cos 2:6.6
r
.Io_ 1 1 1 _IC_
T
2n/3
where a = ej m/ °

+
The positive sequence component 1 sets up a rotating mag-

netic field in the air gap of frequency w_s rotating in the direction
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of motion of the rotor. Consequently, rotor currents of frequency W,
= wg are induced. Likewise, due to the negative sequence rotating
field of I—, rotor currents of frequency W + wy are induced. Note
that as I+ and I have, in general, different magnitudes, the result-
ant rotor currents have different magnitudes as well, proportional to
the magnitudes of I+ and I .

Equation 2.6.3 may be written 1in phasor form as:

IA = [ ILOA - G ngz e sin do ]
r r A
coe 26667
Eqw_ cos ¢y
il (w; = wﬁ)zé - VgOA ]
r r

and similarly for phases B and C.
Using transformation 2.6.6 on 2,6.,7, and with identities

2.6.4 we obtain:

=1 +1 ST/, J4/3
A B c
r r I
- /2
T 3oy, = T/2) .
2 O e (wr - )2'" e oo e eDe
Eowp 308 5 IVoa

- j_z_—g—(wr_w)z,,e +-}-{-;Voe

where ¢0A’ As wOA are angles of prefault internal voltage, current

and terminal voltage, respectively.



Figure 2.6.3: Prefault phasor diagram

From the Prefault Phasor diagram (Figure 2.6.3), we have

= A =-u/2 ,

%0a Yoa

and so choosing A = 0 arbitrarily, without loss of generality, Equa-

tion 2.6.8 becomes

4
]
W
| ]
H
o
+
|
2]
+
~~
€
L]
1
e
SNt
Py
e
(=3
€
=

. 2.6.9

likewise I =

| w
&
|
|
+

Neglecting for the moment the system frequency wp in comparison with

the natural frequency © Equation 2.6.9 becomes
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+ 3 X 3
U= gl r——l=1,00+1-3
T T
eee 2.6.10
Vo - E
- 3 0 0 _ v 3
v g l-——l-n,0-31-3
T T
I+ X + x" +
And so — = % — " °F for the case of Figure 4.1, 1 is larger
I T

than I initially. (As 1is also seen from the field current plots in
Figure 2.3.1 a.)

The fields due to I+ and I are reflected into rotor
currents of proportional magnitude. The equivalent induction motor
circuit (employed in studying subsynchronous oscillations) of the
machine at slip s is shown in Figure 2.6.4 [16, 18].

wig V wa

® - [T e

-

Figure 2.6.4: Equivalent induction motor circuit at
frequency w ° (f =2 ).
m

We see that the equivalent resistance in the circuit is larger at the

frequency |f - f | than at the frequency £ + f,| which is conse-
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quently less damped. Hence, the lower frequency oscillations, although
larger to start with, decay rapidly, as is evidenced from the rotor
waveforms (Figure 2.3.1, etc.).

Figure 2,6.5 shows the three components of rotor current. On
the tripping of a machine, there is a sudden change in the dc component
of field current, corresponding to the subtransient flux linkages re-
maining constant, followed by a more gradual one. The dc component of
Figure 2.6.5 a gradually comes up to its prefault value, with a modi-
fied field time constant (discussed in the next section). Suferposed
on this dc component are the two ac components of Figures 2.6.5 b and
c, which are of different magnitudes and have different decay time
constants. The total waveform of Figure 2.6.5 d is obtained by summing
the waveforms a, b and c. Comparison should be made between this wave-
form and those in Figures 2.2.2 and 2.3.2 where the correlation is

obvious.

- 32 -



.6

i

a)

1

s

.4
i
i

0

0.4 0.0

" -0.0

ANAA

b)l AC-

VA

-0.4

0.4

0.0.

IV TITITLITII YT VPO

i vadgbel

YTV TV IVVE T VVRVOYY

-0.Y4

.6

1

0.8

0.4

0.0

0.00 0.08

Figure 2.6.5 :

0.

16 0.24

The Components of the Field Current.

0.32

0.40 0.48
T

||



2.7 The Field Time Constants

The cases considered so far were with constant field excita-
tion. It is interesting to study what a machine with an exciter would
do under these circumstances of sudden capacitive loading. The follow-
ing is an analysis of the field circuit response time. It is shown
that as the machine is loaded with increasing capacitance, the time
constant of the field circuit keeps increasing, until, finally at the
onset of self excitation, it 1is infinitely large. (This 1is on the
assumption of a linear machine. With saturation, of course, as the

voltage at the terminals increases, the magnetizing impedance de of

the machine decreases, thereby reducing the time constant.) Thus, on
account of the increased time constants, the exciter's capability of
controlling the field current is lessened and the exciter is incapable
of maintaining the field current positive.

The machine equations can be written in operational form as

X, (p)
- _d G(p)
Xq (p)
wq(p) = e Iq
eee 2.7.1
Ud = p wd +w wq + ra Id
Uq = p wq -w wd + T, Iq
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—abc

with p = d/dt, the differential operator.

The terminal equations with capacitor load can be written as

= 20702

where the ys stand tor fluxes, the Us for axis voltages, with sub-

scripts d and q denoting the respective axes, and Uf the field

voltage. Xd, Xq are the d and q axis operational impedances, w

is the instantaneous radian frequency, w; the base frequency (i.e.,

21rf0 radians/sec) and ra the armature resistance.

The off diagonal terms in Equation 2.7.2 arise due to the
fact that the transformation matrix from a, b, ¢ to dqo coordinates

itself is a time function, and has to be differentiated when !abc is

d
converted to Edqo in the expression Eﬂbc —[C]dt Xabc » Where V

1
stand for phase voltages and currents, and Edqo’ quo

abe’
for the
transformed vectors.

Using the first three equations of 2.7.1 with 2.7.2 and

eliminating Id, Iq, one obtained

_ N(p .
Ud = D(p) ° Uf 20703

The denominator D(p) has been evaluated by Crary [19],

though not in the same way as above, and is of the form:
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D(p) = 1 + p(TO a +a)+b p2 + c p3 + ceo 2.7 4

The coefficient of p, (T a; + a,), 1is then the approximate time
constant. Crary has further neglected terms of the sort a, 1n Equa-

tion 2.7.4 and thus obtained a time constant (with T, as the open

circuit time constant).

v - 2
(xd xc)(xq xc) + ra

T(x ) _ - 2 x 1, 2.7.5
c (xd xc)(xq xc) + s
Neglecting ri, Equation 2.7.5 yields
x' - x
T = "'"'d;——STO 2.706
Xy =X,

+ +
Thus, one sees that as X4 + X, 5 T, i.e., the time constant

becomes arbitrarily large. Also, for xé < X, < Xg0 T is negative,

i.e., the system is unstable. This corresponds to self excitation.
Another interesting fact is the form of the Equation 2.7.6.

With a pure inductance in the output, lumping the inductance with the

leakage reactance and then treating the machine as though on short

circuit, one obtains [20, 21}

T = -—-——z—TO 2.7.7

- 36 -



Equation 2.7.6 is of the same form as 2.7.7, except with a sign change.
Thus, the capacitance may be regarded as a pure reactance which sub-
tracts from the leakage impedance, in deriving time constants. How-
ever, though very satisfying, this is a coincidence. Equation 2.7.6 is
not exact, but comes about after neglecting terms of D(p). It should
be carefully remembered that the mechanisms which yield 2.7.6 and 2.7.7
are completely different, though the final forms are quite alike!
Figure 2.7.1 gives simulation results along with a plot of
Equation 2.7.5 for the machines at Manitoba Hydro's Kettle Generating
Station. As can be seen, the agreement is close, except in the region
0.1 ¢ X, € 0.5, where the rate of self excitation is very large. For

xc < xé » Equation 2.7.5 shows that the system may be stable, with a

small time constant, whereas actually, as seen from the simulation, it
may not be so.
Other observations from the figure are:

(i) the worst self-excitation takes place around xC = xé

where T = =§, where 6 = 0 and is positive.

%ok,

Ty = T! — the short circuit time

(ii) xgig 0 T(Xc) = d

d

constant. This is as expected.

(ii1) Lig t(xc) = T, -— the opén circuit time constant,
X [- -]
c

again, as expected,
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2.8 Tests on Laboratory Machine

As tests on Manitoba Hydro's Kettle Generating Station
machines could not be scheduled, tests were carried out on a 15 kVA
machine in the laboratory to verify some of the phenomena discussed in
earlier sections, and to determine the accuracy of the computer model
by comparison. In general, the agreement was excellent. The data for
the machine under consideration is available in Table 2.1 of Appendix
2.

(1) Short Circuit Tests. 1In order to verify the validity of

the computer simulation, standard tests like the short circuit test
were simulated and compared. Figure 2.8.1 shows the observed and simu-
lated field current waveforms. Saturation in the machine has been
modelled. As can be seen, the agreement is close, except for more
damping in the simulated waveform, probably due to the improper arma-
ture resistance value. Exact values of armature resistance were diffi-
cult to determine because of the sliding brass contacts used in the
laboratory which introduced a considerable contact resistance in some
instances.

(ii) Time Constant Tests. In order to demonstrate the varia-

tion in the field time constant as discussed in Section 2.7, the
machine was run at synchronous speed with zero field current while
connected to a balanced three-phase capacitor load. The field voltage
was then suddenly impressed, and the field time constant observed.
Figure 2.8.2 shows the field current responsés for open circuit and for
a 1.84 pu capacitive load. As can be seen, the field time constant has
increased. Table 2.8 gives observed and simulated time constants for

various capacitor loads.
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Figure 2.8.2: Time Constants on Capacitive Loading (Lab Machine)
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xc(pu) 1(sec), actual T(sec), simulated

©(0.c.) 0.42 0.42
1.84 0.63 0.58
0.92 1.2 1.2
0.66 4.5 4.8

Table 2.8: Observed and Simulated
Machine Time Constants

(iii) Tripping of Machines. The effect of tripping of

machines connected to a capacitive load was verified with the setup
shown in Figure 2.8.3. With the synchronizing switch, S; open, the

capacitors were connected to an infinite bus by closing switch S, .

The machine was then brought up to speed and synchronized to the in-
finite bus =~ capacitor system. The prime mover input power was then
left untouched. This ensured that the machine was loaded with zero
real power. By weakening the field of the machine, both the machine
and infinite bus could be made to equally share the capacitive load
current, so that when the switch S; was opened at time t = ty, the
m/c S4 s2 (t:tO\ é INF
~/ > -} < %’ E BUS-

Im

Xe

e

Figure 2.8.3: Test Setup for Machine Tripping

situation would simulate one out of two machines tripping. Figure

2.8.4 shows the resulting simulated and observed waveforms for x =
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0.86 pu which is not sufficient capacitance to lead to self excitation.

This test was repeated for X, = 0.47 pu which lead to field

current reversal and self-excitation as shown in Figure 2.8.5.

As can be seen in both figures there is good agreement be-
tween the observed and simulated waveforms. The 120 Hz frequency in
the field current was because the load was not exactly balanced (due to
differences in values of the laboratory capacitors). This was taken
into consideration while inputting data to the simulation model. Thus

X, = 0.47 pu mentioned earlier is only the average capacitance value in

the three phases. Individual phase capacitors varied from this by a
small amount.

(iv) Field Overvoltage. The previous test with X, = 0.47

pu was again repeated, except that a rectifier was installed in series
with the field circuit to prevent reverse current. The resulting field
current, field voltage and terminal voltage waveforms are shown in
Figure 2.8.6.

Again, the agreement between simulation and observation is
very good. As can be seen there are very fast rising reverse voltage
spikes across the exciter of about ten times the field voltage required
for rated open circuit terminal voltage.

Comparison of Figures 2.8.5 and 2.8.6 clearly indicates that
negative current capability in the exciter does limit the rate of rise

of terminal voltage.
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(v) Effect of Saturation. In order to determine the effect

of neglecting saturation as was done in the previous sections, the
simulation of the above test was repeated without modelling saturation
of the magnetizing reactance. As shown in Figure 2.8.7, the field
current does not rise above zero later, and the terminal voltage con-
tinues to increase exponentially. The reason for this is that the

magnetizing branch impedance Xm

4 keeps decreasing (in the saturated

case) with increasd saturation until a point is reached when Xd equals

X and the machine comes out of self excitation, and stabilizes in an

overvoltage condition. This does not happen in the unsaturated case,

because de never decreases. It must be noticed however that the

first couple of overvoltage spikes in the field are not affected in
magnitude by the modelling of saturation, and'as it is these that cause
the exciter thyristors to fail, it is expected that results obtained
from the unsaturated modelling can be used to determine the overvol—

tage, if study beyond the initial few spikes 1is unimportant.

2.9 Overall Conclusions for Chapter 2

This chapter concerned itself with simulation of field cur-
rent responses when machines connected to a capacitive load were sub-
Jjected to a load rejection or a tripping. If without negative current
capability in the exciters, the machines' field voltages were shown to
reach considerable magnitudes with a very fast rise time. This effect
was found to be especially severe in machines near the self excitation

condition, where the field currents were very low, and hence any tran-



sients would push the field curent to zero thereby causing field and
thus exciter overvoltage.

In the case where machines actually got into a self-excited
condition on account of the tripping of other machines, it was found
that this field overvoltage could cause the thyristors to fail in the
short circuit mode, thereby introducing negative field current capabil-
ity where there was ordinarily none. This would prevent a rapid rise
of machine terminal voltage.

The nature of the field current response was explained in
terms of transferred harmonics to the field circuit from L-C oscilla-

tions resulting from the x", terminal X, . It was also pointed out

that under low field current conditions, the field current's value
could not be kept positive by rapid exciter action, as the field
current time constant became large although the time constant of field
voltage to terminal voltage may still be small).

Finally some of these factors were observed from experiménts
on a small (15 kVA) laboratory synchronous machine. Agreement between
modelling and observation was good. The effect of saturation on the
field current was also simulated.

The next chapter discusses the modelling schemes in detail.
It is followed by other chapters in which the modelling is increased to

greater detail in order to study the phenomena more completely.

- 49 -



CHAPTER 3

Modelling

3.1 General

The problem at hand required a considerable amount of simula-
tion on a digital computer, on account of the complexity of the equa-
tions resulting from the situations studied. For this purpose, a
machine model of considerable detail was developed, as mentioned in
Chapter 2, and this shall be mainly discussed in this chapter.

As,'in some cases, the machines being studied were connected
to dc systems, it was also important to accurately model the dc conver-
ter, and the ac network quite completely. For this reason, a digital
network analyzer program called MH-EMTDC, which was developed at
Manitoba Hydro, was utilized [14]. This program is particularly suited
for simulation of ac-dc systems. The interfacing of the machine model
with this program shall also be discussed in this chapter. Lastly the
modelling of exciters and governmers required with the machine model for
a complete simulation is described.

The combined package of digital network analyzer/converter
model/machine model, etc., proved to be a very powerful and user-
friendly transients simulation package, far easier to use than other
contemporary simulation packages such as the BPA Electromagnetic Tran-

sients Modelling Program (EMIP) [24].

3.2 MH-EMIDC: The Programming Environment

The Electromagnetic Transient Analysis Program (EMIP) devel-

oped at the Bonneville Power Administration (BPA) based on the algor-—



ithm by Professor Dommel [24] has been a powerful transients simulation
tool for a long time. MH-EMTDC developed by D. Woodford [14] at
Manitoba Hydré retains Dommel's algorithm for modelling transmission
system elements, but has the following additional features (this pro-
gram was not developed by the author, but used as a means of modelling
transmission systems and networks for the machine model developed by
him, so that system studies could be made):

(i) Easy interfacing with user developed subroutines, such
as valve group models, machine models, etc., which are
not part of the EMTDC program; that is, they do not
interface as elements of the éystem matrix.

(i1) Disconnected subnetworks are allowed; thus, the power
system under study can judiciously be divided into many
subsystems, for example, the ac and dc sides of a con-
verter may be regarded as disconnected subsystems, as
can be two ac systems connected by a distributed para-
meter transmission line.

(iii) Functions such as are available on IBM's CSMP (Continu~
ous System Modelling Program [25]), to simulate inter-
grators, leadlag functions, real poles, complex poles,
etc., are available.

The greatest power of MH-EMIDC lies in the concept of discon-
nected subnétworks. As each subnetwork is %ndependently solved (and
matched with the solution across boundaries with other subnetworks),
the matrix sizes handled are small. For example a 40 node network
would require an inversion of a 40 x 40 matrix, whereas if modelled as

two 20 node subnetworks, it requires inversion of only two 20 x 20
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matrices, which is an easier task. Modelled as four subnetworks of 10
x 10 size matrices, it is even easier.

Another advantage of this approach is that it is directly
amenable to processing on a parallel processor system. Each subsystem
model can be allocated to its own processor, and could interface with
other subsystems through a common interface bus. The externally im-
posed models such as machines and valve groups can also reside in their
Own processors.

Knowledge of FORTRAN is necessary for using MH-EMTDC, as the
machines, valve groups, switching functions, sequence of actions are
written in a FORTRAN subroutine. Network interconnections and passive
network elements are specified in the data file.

Variables to be plotted/printplotted are specified, likewise,
in a FORTRAN subroutine. MH-EMTDC, like BPA's EMTP, uses the trapezoi-
dal rule for integration, which is known to be a fairly stable and
accurate integration method. Furthermore, this integration procedure
has a direct physical analog. For example, the differential equations
for inductors and capacitors yield resistors and current sources, as is

shown below for inductors [24]:

i(t) = L ft V(z) dz gives
L 0

1(t) = L [P v(z) dz + 1(t - At) 3.2.1
L t-At

Using the trapezoidal integration rule:
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i(t) = %[ v({t) + \zf(t - At) ] At + 4(t - At)
= V(t)
or i(t) = + J. (¢t - At)
RL L
3.2.2
where RL = %%— and JL(t - At) !££§:—é£l-+ i(t - At)
L

i)
vg) L =

\

Figure 3.2.1: Equivalent resistive circuit model for the inductor.

The same procedure can be applied for models of distributed
transmission lines, coupled branches and so on. Thus, using the trape-
zoidal rule, the entire network reduces to a resistive network with
current source excitations, which can be easily solved, just by writing

all the equations such as 3.2.2 in matrix form

Y]V = 1 3.2.3

and then inverting Y by an efficient inversion procedure. Saturable

branches and other network nonlinearities can be modelled by including
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these in the form of additional (dependent) current sources in parallel
with the corresponding resistive element, as 1is done utilizing the
well-known Compensation Theorem [26].

Interfacing subprograms with EMIDC is fairly straightforward.
All quantities calculated within the subprogram are stored in one large
array (called STORE, that is presently dimensioned to a maximum of 5000
entries). Base-Indexed addressing is used, in which each call of a
subprogram has associated with it a starting location (called NEXC),
and all the quantities of interest for this subprogram are stored se-
quentially and starting at location STORE(NEXC+l1). For example, the
machine model requires 100 storage 1locations, and hence is called
MAC100; the 100 standing for the number of storage locations required.
Thus, suppose an entry to MAC100, the value of NEXC is, say 30, then
MAC100 utilizes locations STORE(NEXC+1) to STORE(NEXC+100) or STORE(31)
to STORE(131). The last statement in the subprogram updates NEXC as

follows:

NEXC <« NEXC+100.

Thus, the next subprogram (which could weil be another call to MAC100),
starts off with NEXC = 131, and thus the location STORE(NEXC+1l), which
is the first storage location in the new subprogram becomes STORE(132).
This approach results in compact packing of all the storage required in
all the subprograms called. It also automatically assigns a unique

storage area for any subroutines called.
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3.3 Modelling the Machine

In the past, a number of machine simulation programs have
been written. Programs written for transient stability studies usually
use phasor models [l11], which assume that the terminal voltage and
current of the machine are phasor quantities. Thus for rapid changes
with time these do not provide accurate solutions for the fastest
transients. Programs used in time domain simulations (such as EMTP),
use more detailed machine representations. A comparison between such
programs and the one developed here will be made in subsection 3.3.2,
because the basic machine equations used by the author and listed in
subsection 3.3.1, are almost the same for all these methods belonging

to the time domain simulation class.

3.3.1 Machine Equivalent Circuit and Mechanical Dynamics

A two axis equivalent circuit model for the machine is utili-
zed. 1In this approach, the machine equations written in terms of the
phase variables for the three phases, are transformed by a nonsingular
transformation into two sets of equations, each set having the minimum
amount of interaction with the other. This utilizes the well-known dqo
transformation [20], and the resultant equations are known as the d (or
direct) axis and the q (or quadrature) axis equations.

The main advantage of this approach is that the axis voltages
and currents come out as dc quantities during steady state, fundamental
frequency machine operation, thereby considerably simplifying the
analysis. As the physical interpretation of the d and q axes are axes
rotating with the machine rotor, at the speed of the machine rotor,
they contain the rotor coils (such as field and amortesseur coils), and

the transformed stator coils. A number of requirements exist in
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order for a proper dqo equivalent to exist, the most important being
the sinusoidal distribution of windings on the stator [20].

Unlike the phasor model discussed earlier, this model inclu-
des the effects of rapidly changing d and q axes fluxes (i.e., includes

terms such as dwd/dt and dwq/dt, where ¢, and wq are the axes

fluxes) which are not normally neglected in the phasor solution. Also
conventionally assumed in machine modelling that whatever flux links
the amortesseur and field coils on the direct axis, also links the d
axis coil; this is tantamount to assuming equal mutual inductances
between field, direct axis and dampers. However, since the amortesseur
(damper) and field are on the same iron, which is separated from the
stator iron, it 1is conceivable that some of the flux links the field
and damper without linking the stator coil. This flux has been identi-
fied as the culprit [13, 27] in many discrepancies between the model

and actual machine when studying rotor transients. Thus it was

La
T’ [ §
iq g
172 § Lmq 3 lkq
dt
|
&'
(a) d-axis (b) g-axis

Figure 3.3.1: Equivalent Circuits

felt important to include this flux, and the resulting d and q axis

equivalent circuits are shown in Figure 3.3.1, which is the same as
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Figure 2.1.1, but has been repeated here for the sake of convenience.
The per-unit system is explained in Appendix I, and utilizes

rms £-n voltage and current as base quantities on the stator side. The

circuits give the relations between the axis fluxes (wd, wq), and the

field, damper, and d, q axis currents (if,

ikd’ id, iq). With machine

(electrical) speed w, and d, q axis voltages Uy uq, the equations

obtained are [20]:

d axis
IR [ (A A @ ) T, i
- d f.
ve ~ Ty i ol 1S Qpg ¥ Lggt L) Ty + L) atl s
Tia 1ka (Lpg? Cpg + Lyg) @y + Lpe + L p) ird
L o J1 .
i
_ d
= [£)] & i, 3.3.1
lea
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q axis

uq + mwd -r, iq (Lmq + La) Lmq ] iq 1q
- d_ _p 4
dt q dt
_--rkq ikq i _Luq (Lmq + qu) ikq ikq
3.3.2

Additional windings on the axes may, of course, be incorporated by
suitably modifying equations 3.3.1 and 3.3.2.
Note that the current directions are chosen positive into the

machine, and thus would be positive for motor operation. The id would

reverse and be negative for generator operation. The motor convention
has been used in order to make the resultant equations symmetrical

(otherwise the matrix would have terms like La+ L. - Lmd’ etc., which

kd
do not treat all the machine coils identically).

Equations 3.3.1 and 3.3.2 may be written as:

. = = = s o

id -wwq - id vy
d _ 1 =1
St |- £d r i + £d ug 3.3.3

1ea = Trd 1ka 0

by [ oy [

iq 1 wwd -r, iq , [ui
d - -
— E - + R
T | kg -£q Teq g £ 0] 3.3.4




Noting that wd’ wq are linear combinations of the currents, Equations

3.3.3 and 3.3.4 therefore are in the classical state variable form

(28],
X = AX 4+ Bu
~m “m -m
with
= = - -
14
1 Uy
X, = ikd s u o= uq 3.3.5
iq ue
b ikq'J - -
Saturation is included by making Lmd and Lf as functions
of the net magnetizing current im = (id + if + ikd)' Thus

Lmd = Lmdo k(im) 3.3.6

where Lmdo is the unsaturated magnetizing reactance, and k(im) is

the factor obtained by taking the ratio of ordinate to abscissa in the
open circuit characteristic (Figure 3.3.2).
Modelling of the mechanical dynamics of the rotor and shaft

was not required in much detail for this study, and so only a single
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Figure 3.3.2: Kettle Machine Saturation Characteristics

- 60 -



lumped inertia with damping was included. With machine inertia con-
stant H, rotor position 6, angular (electrical) speed w, the rele-

vant equation is (see Appendix 1 for per-~unit system used):

2H dw D _ _
a—a— ET:- + B-O— (w wo) = Tm Te
3.3.7
a8 _
dt ©

where wp 1is the base angular frequency in rad/sec., H the p.u.

inertia constant in (pu MW - sec) and D the frequency damping con-

stant in pu MW/pu Hz (the 1/wy multiplier ensures fractional angular

speed instead of plain angular speed).

Equation 3.3.7 can be rewritten as:

e 0 1 e
4 =
dt
D
0 0 g w
+ 0 3.3.8
wo
Eﬁ'(Tm - Te) -D
which is, again, in the classical state variable form. Here, T - T

m e?

the difference between applied torque Tm and output torque Te’ is

the accelerating torque, which causes change of angular speed. Tm is
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accepted as input, and Te is calculated from the flux linkage and

currents as:

Te = (wd iq - wq id)/2 3.3.9
Equations 3.3.3, 3.3.4 and 3.3.8, when solved, yield all the state
variables of the machine, from which any other quantity of interest,
i.e. power, flux, etc., can be determined.

Although in this field overvoltage study a single lumped
inertia has been considered, it may be necessary to include multiple
lumped inertias in studies such as subsynchronous resonance. Then
several equations of the sort 3.3.8 and 3.3.9 result, and can be added
on to the machine model in a straightforward manner.

-1 =1
Also to be noted is that id and £q in Equations 3.3.3

and 3.3.4 do not have to be evaluated by any numerical inversion pro-

=1 -1
cedure on td and ﬁq. Formulae for every element for td and ﬂq are

readily precalculated by hand, and their numerical values easily evalu-

ated during the run.

3.3.2 1Interfacing with EMTDC

Digital machine models have been previously developed for
transients simulation programs such as BPA's EMTP. They generally
fall into two categories: (1) in which the machine is represenﬁed by a
current source (utilizing the well-known 'compensation theorem' [26]);
and (2) in which the machine is modelled as a Thevenin equivalent volt-

age source and impedance.
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The present Universal Machine model (UM) available in EMTP
[15] and others [19] fall into the first class of program, in which the
machine is represented as a current source. There is a theorem in
network theory, called the Compensation Theorem [26], which allows such
a representation. The approach used by the author (described in
section 3.3.1) utilizes terminal voltages to calculate currents to be
injected, and hence falls in this class. This class of models has the
drawback, that for stable solution, each machine has to be computation-
ally 'far' from other machines or nonlinear sources. This 1is achieved
by separating subsystems containing machines from other such subsystems
by distributed parameter transmission lines [29], which are essentially
time delays. Since the machine is represented by a current source
which is dependent on past voltages (in the previous time-step), any
sudden change in voltage causes a current response only in the next
timestep. Thus, for the previous timestep, the machine looks like an
open circuit (as it does not respond with new current till later). The
cumulative effect of many machines causing this error in the same sub-
system simultaneously can be de-stabilizing, and hence the reason for
the above-mentioned restriction. The author has overcome this drawback
by one solution to be discussed later, and hence the EMTDC machine
program (called MAC100) does not have the restriction of the BPA-EMTP
models discussed above.

The second approach of modelling the machine as a Thevenin
equivalent, due to Brandwajn et. al. [30], does not suffer from the
drawback because the machine impedance is included in the Y matrix (see
equation 3.2.3) of the main system, and the system current response

(solution of 3.2.3) calculated in the same time-step. However, since
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the machine impedance changes with rotor position, a straightforward
solution would involve a changing system Y matrix which would have to
be inverted each time the rotor position changed. Brandwajn has over-
come this problem by modelling this changing impedance with a fixed and
a variable part, with the variable part approximately included in the
Thevenin voltage source.

The method used here utilizes terminal voltage values of the
machine in previous time intervals, and calculates (using equations
3.3.3 and 3.3.4) the new machine currents, and hence belongs to the
first class. The integration method used is the trapezoidal rule, but
any other method could be used, as could be any integral or subintegral
timestep of the timestep used in the main (EMIDC) program. Here lies
the advantage of this approach (type 1), in that the machine model
interfaces with EMIDC as a controlled current source, and is never a
part of the EMIDC main matrix. Therefore machine parameters can even
be changed in the middle of a run (if so desired), without affecting
the main EMTDC matrix in any way. Figure 3.3.3 explains the interfa-

cing with the use of a block diagram.
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Figure 3.3.3: Modelling scheme for the ac machine.

A number of machines operating in coherence (such as all the
machines at one plant) can be modelled as one machine, by utilizing a
multiplying factor 'N' as shown in Figure 3.3.3. This 'N' can be
Changed any time during program execution. Another advantage of this
approach over others which include the machine as electrical branches
in the main program, is the fact that it does not increase the complex~
ity of the main system matrix.

Figure 3.3.3 also shows how other system components such as
governors and exciters can readily be interfaced with the machine and
main system.

The approach described so far (in Figure 3.3.3), at first
glance seems to have the drawback of tﬁe type (1) models mentioned
earlier, which approaches incorporating the machine as a part of the

main matrix (type 2) do not. This is, that the machine current to be
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injected into the network is calculated only in the next time step in
response to the machine terminal voltage of the previous step. Thus,
if there is a step change in machine terminal voltage, say due to a
lightning surge, the machine will not respond with current till a time-
step later, and consequently appears as an open circuit.for the dura-
tion of the first timestep. Thus, spurious spikes may appear in the
machine terminal voltage. This drawback is overcome in the following
way:

(1) A resistance r" = 20"/At 1is calculated, where 4&" is
the subtransient machine inductance, and is placed from
each node of the machine terminal to neutral as in
Figure 3.3.4. This resistance becomes a part of the

main (EMTDC) network

Fmmm e m - —— - 1
: Ima |
) " ac :
1 P {
1 7=, SYSTEM
M) (1) w0 ' 2l !
STV (t-at) : t ;
re 1
L [] {

EMTDC NETWORK

Figure 3.3.4: Terminal interface.

(i11) Then, instead of injecting the calculated current Im(t),
a compensated current Im(t) + Ic(t) where

Ic(t) = V(t - At)/r"

is injected, where V(t - At) 1is the terminal voltage
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(1i1)

in the previous timestep. Thus, the actual current
injected into the network is not the calculated current

Im(t), but Ima(t) where

(V(t - At) - V(L))

Ima(t) = Im(t)+ -

”"

Now r is quite large, because of the At 1in its
denominator. Also, for a small timestep V(t = At) =

V(t), and thus Ima(t) = Im(t), and the error introduced

vanishes in the limit with a small At.

However, for a sudden change, as Im + Ic is not calcu-

lated wuntil the next time step, the network sees an
impedance r" for this instant, instead of the open
circuit discussed earlier. This is exactly the instan-
taneous Impedance it would have seen had the machine
been represented by its subtransient reactance £ in
EMTDC. Therefore, the network current calculated in
this instant is more accurate, and the spurious spikes
discussed earlier do not arise. Thus this concept of
terminating the machine with 1its ‘'characteristic
impedance' and then compensating for this in the current

injection, is a convenient way for assuring accurate

solutions.

This feature was introduced into the model later. 1In earlier

simulations,

stable (i.e.,

the machine terminals were required to be connected to

ground through a capacitor to prevent spurious spilkes. Also, with

nothing connected at the machine terminals, the solution would go un-

for the open circuit condition). With the above-introdu-
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ced modification however, the behaviour of the machine model has been
uniformly good. There is also no restriction on having more than one
separately modelled machine in the same subsystem, which is a restric-

tion in other models of this type [15].

3.3.3 Starting Up

Time domain simulation of networks on the computer is ex-
tremely time consuming. Hence, it becomes necessary to 'plug-in'
steady state solutions into the machine model. Such steady state solu-
tions could be obtained for example, from a load flow. This is easily
accomplished because the storage locations (discussed in Sec. 3.3.2)
of the machine model include the state variables — the axis currents
and rotor angle, which may be loaded with their steady state values,
before commencing the run. However, it is difficult to specify initial
values on all network elements in EMTIDC, especially when dc bridges are
involved, which generate harmonic currents that significantly affect
the steady state (60 Hz) values calculated from the load flow.

The following techniques have been used in starting up the
system:

(a) For systems involving machine models only as sources:

(i) From a load flow, obtain the steady state voltage
magnitudes and angles all over the network.

(i1) Obtain machine internal angles from real and
reactive power and terminal voltages of the mach-
ines. Figure 3.3.5 shows how this is done graph-
ically, the procedure is actually carried out on

the computer, however. The diagram is drawn
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(iii)

for the generator convention, i.e. current out of

the machine is considered positive.

First calculate the armature current Ia =

Then locate the quadrature axis q by taking the
phasor voltage: Vt + jXq Ia. The angle § thus

formed between Vt and the q axis is the machine

load angle with respect to the terminal bus
angle. This is strictly true only in the case of
a machine without saturation, but &6 obtained in
this way when plugged into the machine with
saturation, does mnot give significant errors.

Start the system up, with all machine rotors run-
ning exactly at synchronous speed, with the above
calculated angular differences. Let the exciters
control the machine terminal voltages to those
obtained from the load flows. Soon, the steady
state will be reached, at which time the inertias
are released, and the machine torques are now
controlled by the governors. It is not wise to
include governor dynamics up to this point on
account of the large time constants involved.
Initial conditions on governors are however con-
tinually being updated_during the run-up period,
so the governor is ready-to-go the instant it is

released.
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(b) For systems involving machine models as well as Thevenin

equivalent sources:

(1)

The machine model allows specifiying the number
of machines at one plant. If this number is
specified as zero (0), then the machine model
calculates its dnternal currents etc., for the
given terminal voltage applied, but this is not
injected back into the network. Thus, using the
steps as 1in part (a) above, the machine is
started up with the number of machines specified

as zero. When the machine internal voltage (Ef

in Figure 3.3.5) becomes equal to its desired
value (again, calculated from 1load flow and
Figure 3.3.5), the number (N = 0) of machines is
now changed to the desired number (N = n). The
solution then quickly settles to 1its desired

value.
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Figure 3.3.5: Obtaining the machine angle
(Figure in generator convention).

3.4 Modelling of Exciters and Governers

As mentioned in the introduction to this Chapter, functions

1 1 + 8T

such as TFsT ° 3 ° i—I—ET;- » are available to the user using

EMIDC. These are analogous to the functions available in IBM's CSMP
and the TACS feature of BPA's EMIP programs. Using these building
blocks, any given control system may be modelled. The exciter and

governor models used in this study are shown "in Figures 3.4.1 and 3.4.2

respectively.
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Figure 3.4.2: Typical Governor Model

The exciter model consists of a cascadé of a reference volt-
age and actual voltage comparison block, followed_ by a control system
representation, followed b& an exciter time constant, with upper and
lower limits. This 1is followed by a block which computes different
field voltages at the output, depending on whether the exciter can or
cannot carry reverse current. In the case of an exciter without

reverse current capability, the voltage Uf of Figure 3.4.1 is either
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equal to Efl or equal to Rrev o If depending on whether the current

is in a positive or a negative direction. (Here Rrev is the reverse

-

resistance of the bridge.) Figure 3.4.2 shows the governor used, with
a speed sensing circuit, a gate control circuit followed by a gate
position integrator, and with a droop [22] in the characteristic. The
hydro turbine is modelled as a non-minimum phase leadlag function, and
mechanical torque is the output from this model. Typical values for
the various block parameters afe mentioned wherever used (i.e.,
Chapters 4 and 5) and Appendix II.

Both these models have the feature of being able to be kept
dormant during program run-up (to steady state) conditions, in which
all state variables are kept continuously updated, so that they may be
switched on at any instant. For example, in the governor model, the
machine is kept running at 377 rad/sec until the steady state solution
is obtained. During this time, the mechanical torque Tmech required

for the machine to be kept at this speed is calculated (i.e. Tmech =

T where T and T are electrical and loss
elec

elec + T1oss > loss
torques), and the various integrators given the appropriate computed

steady state values.

3.5 Modelling the dc Bridge [14]

This model was developed by D. Woodford at Manitoba Hydro,
and is mentioned here only for completeness, as it was used 1in the
author's simulations.

Just like the machine model the dc bridge interfaces with the
ac system as a current injecting source. Onto the dc line, it inter-

faces as a dependent voltage source. This is shown in Figure 3.5.1.
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Figure 3.5.1: 1Interfacing the valve group model.

The ac injected current vector I is calculated from the
state equations of the valve group, and is dependent on previous time
instant currents and present ac voltages. Likewise the applied dc
voltage V is similarly calculated. Internally, each thyristor valve
with its RC snubber circuit is modelled as in Figure 3.5.2 (b). 1In the
off state Rv = Rd + At/2 Cd (Rd, Cd the snubber resistance and capa-
citance, and At the internal timestep respectively). In the on-state,

Rv is replaced with the forward resistance of the thyristor, typically

1.
SNUBBER
CIRCUIT
k EQUIVALENT
. VALVE Rd
— Ry
i
—
m
(a) (b)
Figure 3.5.2: Equivalencing and reduction of converter valve.
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Likewise, the internal current source Ikm(t - At), is suit-

ably controlled by the proper switching logic to assume on and off
state values. Thus, the internal valve group model remains unéhanged,
only the component values being variable, dependent on the thyristor
states. Thus, there is no need to define separate modes of operation
(i.e., different circuits), and switch from one mode to another as
thyristors switch on and off. In this case, the algorithm is complete-
1y automatic, and thus -commutation failure and ofher non-standard modes
are automatically obtained if the conditions are proper for their
occurrence.

The valve model of Figure 3.5.2 then replaces each valve in
Figure 3.5.3, which shows the complete six pulse valve group. The &'s
are the commutating inductances, and the e's the predicted commutating
voltages (e's are not the same as primary side converter transformer
voltages, because the Y-Y or Y-A connections of the transformer wind-

ings are taken into account while calculating them).

Figure 3.5.3: 8Six pulse valve group subnetwork equivalent circuit.
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Converter saturation is taken into account by adding an addi-
tional flux dependent saturation current to the current computed by the
linear part of the model.

Controls: DC link controls can be written in any desired
form, using the CSMP type functions available under EMTDC.

In this program, the phase locked loop method of generation
of firing pulses was used. In this scheme, a phase locked loop oscil-
lator [31] tracks the commutating bus voltage frequency, and hence
provides a timing reference for applying firing pulses. The actual
firing angle desired is obtained from a pole controller which deter-
mines the firing angle for an entire HVDC pole (which may have more
than one series valve group). This firing angle order is then proces-
sed by a valve group controller which somewhat modifies this order, and
feeds it to the main valve group firing control (which uses the phase
locked loop for timing reference, and computes elapsed angle based on
its internal frequency which 1s locked with the commutating bus fre-
quency).

Figure 3.5.4 shows a typical pole controller of the type used
in these simulations. The controller, wusing proportional-integral

control, generates a firing angle command a q° which controls the

desire
dc current to be equal to the desired current, or within a desired

margin (if Im + 0).

Figure 3.5.5 shows a valve group controller to which the

o of Figure 3.5.4 is fed. 1If the valve group is in normal recti-

order
fier mode, the ‘whichever is least' block selects the o rder from the
pole controller and delivers it to the firing control electronics. If

the valve group is in inverter operation with constant extinction angle
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control [31], then the 'whichever is least' block selects the %order

from the upper circuit. This circuit monitors the extinction angle (y

measured), selects the lowest over a period of a cycle, and generates a

Ydesired °FdeT: Ydesired 18 dual to Yoo I Yooicurea Ymin®
However, if Yoin > Y peasured’ the Y desired is advanced to Ypin +
Ymeasured’ to bring the extinction angle quickly back out of the dan-
gerous area. The actual firing angle o« = n - B , is determined by

solving the equation [31].

cos Yy = X + cos B (3.6.1)

comId

where XCom is the commutating impedance. These two are just the con-

trol blocks used by the author. EMIDC allows construction of any type
of block diagrams for the firing order devices, by using the CSMP type

functions.

3.6 Model Capabilities

A number of tests have been carried out to test the various
models described above. The machine model has been compared to an
actual laboratory machine, and the results have proved to be accurate,
as seen by the tests of section 2.8. Ordinary phasor models of the
machine (which exclude the rate of chaqge of flux terms — see section
3.3) would not have shown the harmonics induced in the field circuit.

Some other simulations not directly related to the problem at
hand, but which nevertheless demonstrate the‘versatility of the model-
ling scheme are briefly presented below:

(a) Modelling Manitoba Hydro's HVDC System

For this simulation, Manitoba Hydro's Nelson River Bipole I
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HVDC transmission system was modelled as shown in the single line dia-
gram (Figure 3.6.1). The sending end system was modelled with ac
filters, and a Thevenin equivalent source representing the generating
system. As the receiving end system was being studied, the synchronous
condensor shown was modelled as a complete machine whereas the rest of

the system was represented by a Thevenin Equivalent.

» BH 65H RECEVING END
RE AC 420 SENDING END
SOURCE .55H .55H TRANSMISSION LINE .55H .55H 138 kv
SNC. (o " 1 i
COND. 5 TUSECTIONS EACH OF
¥y L = 0.497H
A . Su R=3.50 = .5uF
t/2= 1.016uF ]
AT T g
1’ T
T - Aiczz FILTERS =  SE FILTERS -
230 k - xqma@ or:‘? 7-594(\13 @?
ms
L-L -— ~ W ey o
-=RSEEE BY SR8 2%
= ofasEaz g RaEad oo

Figure 3.6.1: Test dc link model.

Because of interest in operation at low short circuit ratios,
a value of 2.4 based on the synchronous condensor subtransient reac-

tance X:l was selected for the inverter. For the purpose of this

study, the short circuit ratio (SCR) is defined as:

SCR = =t (3.6.1)
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where V = ac L-L rms commutating bus voltage in kV
Pd = dc power at the converter in MW

Z = ac system short circuit impedance at the commutating bus
in ohms per phase.
One test to demonstrate the use of EMIDC is to examine the

question whether Xé or Xa [14] is the most significant parameter on

which to base the calculation of short circuit ratios at the inverter
bus, as it affects inverter performance during and after an ac fault.
For this purpose, three models were used to represent the synchronous
condensor in Figure 3.6.1:

(a) a complete model including exciter and inertia

(b) a simple Thevenin equivalent circuit with a fixed volt-

age source behind subtransient reactance Xa

(c¢) a simple Thevenin equivalent circuit with a fixed volt-

age behind transient reactance Xé.

The simulations for each of the above cases representing the
system of Figure 3.6.1 were carried out for a four cycle fault on the
inverter ac bus. The dc current waveforms for these cases is shown in
Figure 3.6.2. Figure 3.6.2 shows that the response of the system in
which Xa is used in the machine representation represents the fully
modelled machine more closely than when Xd' ~1is used.

This simple study using MH EMIDC indicates that Xa rather

than X!

d is the better representation for use in ac system short cir-

cuit ratio calculations so far as inverter performance during ac faults

is8 concerned.
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Figure 3.6.2: Simulated recovery of dc current after ac
fault, for alternative representations of
X3 » Xj and full machine model.

(b) Comparison With an Actual dc Link

A fault similar to one fault recorded for Bipole 2 of the
Nelson River DC Transmission [7] was run for comparison with this model
on MH EMIDC. The actual and simulated cases are shown on similar scale
in Figure 3.6.3. It will be observed that there is more harmonic con-
tent in the simulated case compared with the actual. Since no attempt
was made to provide any significant harmonic damping in the model, this
case demonstrates the need for its consideration in digital simulation
studies.

Taking the harmonic problem into account, it can be seen that
the simulated model performance 1is reasonable and comparable when

referenced to the performance of an actual dc link.
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Figure 3.6.3: Comparison of Simulator Performance with a real system
for an ac fault at the inverter.

Computer Running Times

With the system modelled in Figure 3.6.1 with synchronous
condensor, represented fully, a one second simulation time with a

twenty microsecond time step takes about twenty minutes of C.P.U. time

on a PRIME 750 computer.
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3.7 Chapter Summary

The EMTDC - modelling program developed at Manitoba Hydro
provides a flexible base for easily doing a large number of transient
solutions on various systems. Interfacing machine and valve group
models, and their associated control circuits is also easily achieved.
In particular, the machine model developed to interface with EMTDC is
very well behaved as is evident from the fairly extensive testing and
can do everything that can be done én sophisticated analog simulators
(except, of course, the real time nature of the analog simulations)
[33]. A fairly detailed system involving machines, valve groups, and
transmission system also computes well and agreement with field obser-
vation is fairly close. In the following chapters, the models mention-—
ed here are extensively used to study the exciter stress phenomenon,

which is the main topic of this work.
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CHAPTER 4

Realistic Capacitive Loads

4.1 Introduction

In Chapter 2, the basic phenomenon of exciter overvoltage on
capacitively loaded machines was investigated with the load modelled as
a capacitor. 1In this chapter, realistic capacitive loads are consider-
ed, and any deviation of the results from those of Chapter 2, recorded
and explained. The different types of capacitive loads normally en-
countered in practice are the following:

(i) Capacitor banks: these have been looked at in

Chapter 2;

(ii) Long transmission lines 1loaded below their surge
impedance loading level;

(iii) Machines at other plants being overexcited and hence
pushing reactive power (VARs) into machines at the
plant in question;

(iv) Machines connected to dc converter stations, seeing

the effect of the ac filters at the converter bus.

As was explained in Chapter 2, Section 6 the exciter over-
voltage is caused by resonant L-C osclllations between the terminal

capacitor load, and the machine's subtransient reactance xa . Thus,

the exact nature of the capacitive load has a bearing on this overvolt-
age, in that it changes the type of oscillation. For example, an ac
filter, though capacitive at system operating frequency, can have many

resonant frequencies when oscillations between machine and filter are
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excited. Likewise, the capacitive loading due to long transmission
lines could cause different frequencies of oscillation. In the simula-
tions in this chapter, oscillations (and hence exciter overvoltage) due
to long transmission lines was found to be similar to those in the
purely capacitive case of Chapter 2. In the case of the filters, how-
ever, more than one frequency may exist in the post fault machine ac
current, and consequently more frequencies may exist in the field cir-
cuit. Some of these frequencies are usually higher than those with a
pure capacitor, and thus sharper overvoltage peaks might result in the
field.

When VARs come into one plant from other machines, however,
machine tripping at the plant causes no field overvoltage, because the
internal voltages and angles change in a way so as not to cause the
rapid negative field current transient.

Another aspect studied in this chapter is the effect of phase
shifting due to machine terminal transformers, and the effect of a
machine breaker opening phase by phase, as the current in the phaée
extinguishes. It is ogserved that the phase shift due to the star-
delta machine transformer does not significantly affect the field tran-
sient. There is some difference observed when the breaker opening is
modelled (instead of a sudden switching of all three phases, in which
case the number of machines change instantaneously).

Also, comparison is made between the rejection of an actual
dc converter load (thereby 1leaving the filter capacitance on the
machine terminals), and the rejection of an R-L load simulating the
actual dc converter at fundamental £frequency. In the case of the

actual dc load, harmonics caused by the dc converter injected into the
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filters prior to the rejection cause a more severe field transient than
is caused when the converter is modelled as a simple R-L load which
cannot include the effect of these harmonics.

Again, as in Chaﬁter 2, the effect of saturation is not

modelled, so that comparison may be made with Figure 2.4.1.

4.2 Tripping of machines with different kinds of VAR loadings

In this section are considered the effects of one or more of
several machines connected to purely reactive leading power factor
(capacitive loads). These loads include long transmission line, ac
filter and synchronous condensor type machine-loads. In these studies,
saturation has not been modelled so that comparison may be made with
Figure 2.4.1, the case of the pure capacitance. As has been shown in
Section 2.6, the modelling of saturation affects only the sustained
field overvoltage, and not the intitial one or two spikes of transient
exciter overvoltage. The effect of exciters has also been considered.
From the results of this section it appears that the long transmission
line load is similar to a plain capacitor load but that an ac filter
load causes different frequencies in the rotor field circuit. The
machine load does not cause any rapid field transients. These cases

are now discussed in detail.

4.,2.1 Machines tripping on a long line

Figure 4.2.1 shows the case of three machines left connected

to a long transmission line supplying approximately 130 MVAR.



MACHINES LONG LINE

Figure 4.2.1: Machines tripping on long line.

The machine data is as in Table 2.1, Appendix II. Figure 4.2.2 shows
the effect of two of these wmachines tripping off suddenly in a
situation similar to Figure 2.4.1. The VAR loading in these two cases
(i.e., that of Figure 2.4.1 and this one), are almost identical and
after switching, sufficient to self-excite the machine. The machines
are also identical. Comparison of Figures 2.4.1 and 4.2.2 show that
the nature of the two responses is similar, except that because of the
different resistive components of the two schemes, the self-excitation
rates are somewhat different. (Originally it was desired to have the
same resistance for a good comparison, but the transmission line chosen
is a close approximation to Manitoba Hydro's Rosser-Dorsey line.
Choosing too small a damping for the line would have realized unrealis-—
tic values for the line. Thus, values that wefe in the practical range
were chosen, and contain more damping than just the pure capacitor case
considered earlier.) Again, two frequencies can be noticed in the
field current, cofresponding to only one frequency in the rotor cir-

cuit. (These show clearly if negative current is allowed to flow in

the exciter, but this is not shown in the figure.) Thus, for over-

- 87 -



—_——

Dm.o 09°0 0R°0 -:p2°
@ (Nd) LNI¥HNI 01314

0 ooe

—~

el

091 ‘0cl ‘08 ‘Dh

(SLI0A TUNIWHIL 30 X)
SLI0A Q1314

c'E

9°'1 ©0°0- g ]~ 2'€E-
(Nd) SLTOA TUNIWY3L

40

.32

0.24 0

.00 0.08 16
TIME (SEC)

0

: Waveforms for Machines Tripping on Long Line.

Figure 4.2.2

- 88 -



for overvoltage calculation purposes, the long line may be treated as a
pure capacitor. This is commensurate with the practice of considering
the long line as a pure capacitor when calculating rotor currents and

torques during studies of subsynchronous resonance [16].

4.2.2 VAR loading with machine (synchronous condensor) type VAR
sources

Investigated now is the field current response when a group
of machines absorbing VARs from other machines experiences the tripping

of some of its machines. This situation is shown in Figure 4.2.3.

MACHINE 13(: H—
X

M ~ H— O |
. | B, 4 4 I~ YMACHINE 2
O T '
ACHINE 1 e .

Figure 4.2.3: Machines tripping.

From here onwards, a slight correction is made to the machine

data of Table A2.1 (Appendix II) in that de = 0.94 instead of 1.0.

(This was done as more accurate data became available.)
A simulation for a case such as in Figure 4.2.3 with the
machines similar to those at the Kettle Generating Station, and the

impedance Xt = 0.15 pu, was carried out. The two left-hand side

machines were each loaded to 1.1 pu MVAR (into the machine), and 0.1 pu



real power. Governor dynamics were ignored, i.e. machine speeds were
fixed to 377 radians/sec. This was done because the VAR loading effect
was to be studied in isolation.

Figure 4.2.4 a shows the field current and MVAR responses of
the machine remaining behind. As can be seen, though the original pair
of machines was absorbing a total of 2.1 pu MVAR, the VARs suddenly
adjust so that after one machine trips, the other machine (machine 1)
absorbs only 0.95 MVAR. Consequently, it does not self-excite (as
would be expected if the intital VAR loading were due to a capaci-
tance), nor does the field current show any oscillations.

The above absence of self-excitation is explained by the fact
that in the case of a pure capacitive load, the VAR absorption by the

machine is (with machine voltage V;, capacitance C),

V2
VAR = oo
and consequently 4.2.1
aevary _ 2N
E)Vl wC

i.e., as voltage increases, the VARs absorbed increase proportionately,
causing a further buildup of voltage, this cycle, in the case of self
excitation being a vicious spiral.

The VAR absorption by the left hand side machines (1 and la)

of 4.2.3 is however [20],
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V)2 - V; V, cos § ViV, = V,)

Xt Xt

for small §

4.2.2
where V;, V, are 1 and 2 bus voltage magnitudes, § the phase

'angle difference, and Xt the line impedance between them.

Consequently,

Vo = 2V
a(VAR) _ 2 ! 4.2.3
vy X

t

and thus, as the terminal voltage V; goes up, because V, = V;, and

hence V; = 2V < 0 , the VARs come down, and the self-excitation dis-

cussed above never occurs. Also, though the field current drops, it
does not contain any L-C type oscillations as in the case of the capa-
citance and, consequently, its waveform is smooth. Figure 4.2.4 b
shows the same situation as in Figure 4.2.4 a, except that the exciter
has been modelled. Exciter parameters are as shown in Table A2.2
(Appendix II), and variable names are as in Figure 3.4.2.

~In its attempt to control the terminal voltage, the exciter
brings the machine field current right down to zero. Because of the
modelling, intermittent current still flows in the field circuit (which
has no reverse current capability, modelled by a large reverse field
resistance). Some voltage chatter shows up on the field voltage wave-
form, which is probably more a numerical pheonomenon than reality.
Anyway, its magnitude is negligibly small, well within exciter ceiling

voltages of +5 and -3.5 times nominal field voltage.
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This section shows how important it is to include different
kinds of VAR sources. The total VARs entering a generating plant may
be from other machines or from reactances (capacitors or filters). It
is not adequate to lump all these VAR sources into one equivalent capa-
citance because though they all cause the same-equivalent steady state
response, 1i.e., intital value of field current and so on, they all
behave differently during transients. - Manitoba Hydro's Northern
Collector system is one example of this sort, in which VARs entering
the machine are the sum total of ac filter generated VARs and VARs from
the other generating plant, minus the VAR consumption of the dc

rectifiers.

4.2.3 Effect of VARs due to ac filters

This situation can result if a generating plant connected to
an HVDC rectifier station experiences tripping of some of its machines,
after being left connected to the ac harmonic absorbing filters present
on the rectifier bus as shown in Figure 4.2.5. TFor steady state VAR
calculation purposes, these filters (which are tuned to harmonic fre-

quencies such as the Sth, 7th, 11th, 13th

» etc.) are treated as capaci-
tor loads, because at fundamental frequency their impedance 1is purely

capacitive. However, the machine-filter oscillations are quite differ-—

ent from the machine-capacitor oscillations of section 2.6.
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’

This can be explained by means of Figure 4.2.6 which shows a
typical impedance plot for a Sth and 7th filter. Superposed on it is
the machine subtransient inductance's impedance as a function of fre-
quency. As can be noticed, there can now be two resonant frequencies

f1 and f; , instead of the one in the case of a pure capacitor, and

hence four frequencies (£ £y , fo £ f5 with fp = fundamental

frequency) in the field circuit, as from the arguments of section 2.6.
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Sth and 7th filter.

Figure 4.2.7 shows the field current, voltage and terminal
voltage for the case of Figure 4.2.5, with two out of three machines
tripping when connected to Sth, 7th, 11th and 13th filters constituting

a total of 0.88 pu MVAR at fundamental frequency. (The machine data is

as given in Table 2.1, for the Kettle machines, but with de = 0.94

and not 1.0).

The presence of different frequencies in the field overvolt-
age (as compared to Figure 2.4.1) can be seen. The peak overvoltage
magnitude is also aifferent’from that of Figure 2.4.1, which models a
somewhat identical situation. The presence of higher frequencies in
the field current response may cause rapid rates of rise of the field
overvoltage, which may be too fast for the exciter overvoltage arres-

tor, thereby resulting in a possible exciter thyristor breakdown.
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Thus, once again, this exercise shows that for proper simulation of
exciter overvoltage, it is necessary to model the ac system completely,

and not as an equivalent capacitor.

4.3 Machines Connected to dc Converters

In this section, the contents of section 4.2.3 are expanded
further. The effect of a dc load rejection is studied, as 1is the
effect of the machine transformers that always isolate the machines
from the system. Also, the effect of a machine breaker opening phase
by phase is looked at. The conclusions of this section show that the
actual modelling of the dc converter gives different results from when
it is modelled as an R-L load, and so does the effect of the phase by
phase opening of the machine breaker, when compared with an instantane-
ous switching action. Star-Star and Star-delta transformers on the
machine terminals, however, do not cause significant differences in the
field current response. In this section the modelling is fairly com-
plete, with the machine saturation and exciter dynamics included.

Exciter data as in Table A2.2, Appendix II.

4.3.1 Comparison of actual dc load rejection with R-L load

type dc load approximation

When operating in the steady state, the HVDC converter
behaves as a real plus reactive power load, as far as power transfers
at the fundamental frequency are concerned, and hence may be modelled
as an R-L load. However, the dynamic behaviour of the converter under
transients is quite different from the dynamic behaviour of a parallel

R-L load, due to the different dec control strategies in use. Also,
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more importantly, the actual dc converter is a source of harmonics and
hence the ac filters at the converter bus are loaded with these harmon-—
ics even in the steady state. Thus the filter initial conditions just
before the commencement of the transient are qu}te different from those
that would be observed with the converter replaced by an R-L load. (In
which case the initital loading is purely due to fundamental frequency
voltage, there being no source of harmonics.)

For the purpose of comparison, the system was set up as in
Figure 4.2.5, except with only one ac machine, and with full dc conver-
ter modelling (as in Section 3.5). The equivalent fundamental fre-
quency loading of the converter was 104 MW and 66 MVAR.

Figure 4.3.1 a shows the corresponding field current and
field voltage responsés. (In this case, the MVARs are not exactly
sufficient to self-excite the machine, but are quite close to this
point.) Note the spikes of overvoltage in the exciter output voltage.
A similar load using a parallel R-L load representation for the conver-
ter is shown in Figure 4.3.1 b. The slight difference in field current
prefault value is due to the fact that the parallel load turned out to
be 104 + j73 MVA instead of 104 + j66 MVA . The field current in this
case is seen to contain the same frequencies as in Figure 4.3.1 a, but
the magnitude of the harmonics is less. Consequently, the field cur-
rent makes fewer negative transitions, and the corresponding field
voltage has fewer overvoltage spikes. (The field voltages in this case
show the sudden negative swing after the dc rejection because of the
exciters going into the inverter mode on account of the sudden terminal

voltage rise.)
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4.3.2 1Inclusion of delta-star transformers

Most synchronous machines are connected to the ac system
which they feed, through a delta-star step—up transformer, in order to
step the generated voltage (around 13.8 kV, typically), to the system
voltage (i.e., 138 kV, etc.). The delta winding is on the side of the
machine, and eliminates the flow of any zero sequence currents in the
machine windings. Any machine-system oscillation of the type discussed
this far, must now take place through this transformer, which would
introduce a phase shift. This section examines the effect of such a
winding which is always present in the actual situation. A comparison
is therefore made between the two cases shown in the single line dia-
- gram of Figure 4.3.2. The machine data is as in the previous cases.
The filters are also as in the case of Figure 4.3.1, but have been
scaled to supply a total MVAR of 1.2 pu, at unity pu voltage and fre-
quency, which is not quite enough to self-excite one machine, but Jjust

about.

/MACHINE_S\ v
1 ol

® 8 @ oe - o @a

<€— FILTERS —>
5,7,11,13

Figure 4.3.2: To study the effect of A-Y transformer windings.
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In the analysis of Section 2.6, it was seen that the rotor
transients are due to positive and negative sequence oscillations be-
tween the terminal capacitive impedance, and the machine's subtransient
reactance. It is important to notice that there is no zero sequence
component in these oscillations, and so they sﬁould not be affected by
the delta-star winding introduced, which affects only the zero sequen-
ce. The field current and exciter voltage plots of Figures 4.3.3 a and
b  bear this out. The difference between the two responses 1is very
marginal. Thus, in studies dealing with rotor transients, the trans-—
former may be simplified by including it as a series inductance equal
to the value of its leakage impedance. This inductance can even be
incorporated directly into machine data, in the form of an increased
machine leakage reactance. This is, however, true only if transformer
saturation 1is not being considered. But in many cases, it may not be
necessary to include saturation of the transformer for studies of rotor
ovefvoltage, which occurs essentially in the first few cycles following
a trip, in which case the terminal voltage of the machine may not h;ve
risen high enough to cause a substantial transformer saturation cur—

rent.

4.3.3 Inclusion of the proper opening of the machine breaker

In the studies carried out so far, it was assumed that when
one out of two machines tripped, this happened instantaneously. This
could then be simulated by just scaling the number of machines down
from 2 to 1 in the machine subroutine (section 3.3.2). Im realitf,
however, the machine to trip is removed from the system phase by phase,
because the current in all three Qhases does not cease to flow simul-

taneously. It was important to see how well this approximation of
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instantaneous épening matched with a phase by phase opening because
with the approximation only one machine with changeable scaling factor
(to simulate tripping) is adequate, and saves computer effort. The
situation of Figure 4.3.2 was again simulated, but this time with two
calls to the machine model and with breaker 6pening logic, which set
the impedance in each breaker phase to infinity only when the current
through the phase weﬁt to zero. Tﬁe field voltage and current wave-
forms were as in Figure 4.3.4, and showed about a 20% increase in peak
overvoltage in the field. Thus, it appears that for a complete simula-
tion, the system should be modelled as it actually exists, that is,
with two machines and a breaker.

Discussed in the following chapter is a situation which actu-
ally occurred on Manitoba Hydro's Northern Collector System. In that
simulation, the approximation has been used, because the overhead
required in the repeated modelling of each machine was considered high.
After all, only an estimate of the field voltage was required, and a
20% error seemed to be acceptable for the purpose. The transformers,
however, were modelled in detail, because they did not significantly
increase problem complexity. Also, the breaker opening at current zero
represents an extreme case. In actnality, the breaker would be con—-
sidered open somewhere in between the instant of trip initiation and

current zero.

4.4 Chapter Summary

Looked at in this chapter were realistic capacitive loads,

and comparisons were made with the idealized capacitor loads of Chapter

- 103 -



Yz,

32.

VF (X 0C VOLTS)
22,

12.

a

Nl LU

)

'0.000 0.020 0.040 0.060 0.080 0.100
TIME (SEC)

0.80

0.60

0.40

il

vy

.20

FIELD CURRENT (PU)
0

N&AAAAAQAAA

<0.000 0.020 0.040 0.060 0.080 0.100
TIME (SEC)

.00

Figure 4.3.4: Waveforms with Machine Breaker Opening
Phase by Phase
(Data as for Figure 4.3.3)

- 104 -



2. The importance of complete modelling of these capacitive 1loads
(especially for VARs entering one machine from another) was identified.
The case of machines connected to an HVDC converter and filters was
investigated, and the need for dc modelling in order to properly simu-
late the prefault ac filter conditions seen.‘to be necessary. Also
compared was the effect of programming approximations to the real case
of machines counnected to Star-delta transformers and breakers. The
overvoltage in the case of the breaker being modelled (as opposed to
the case of an instantaneous trip) was found to be somewhat higher than
in the approximate case.

In the next Chapter is considered the case of an actual field
overvoltage situation that took place on Manitoba Hydro's system. The
case includes all the factors considered in this Chapter taken together
in that the VARs were primarily from ac filters and other machines, and

the load was due to an HVDC converter.
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CHAPTER 5

Simulation of an Actual Disturbance

5.1 Introduction

A particularly severe case of excitation system overvoltage
in Manitoba Hydro's Northern Collector System occurred on September 30,
1978. A brief description of this case was given in Chapter 1. Of
particular interest is the fact that the reactive power (VARs) into the
machines with damaged exciters were from other machines, as well as
from filters, both these cases having been discussed independently in
Chapter 4. The simulation also shows some overvoltage due to a sudden
load rejection due to the blocking of the dc rectifiers.

The sequence of events appears to have been as follows {7]
(some of these events have been reconstructed, because the different
time recorders in the system were not in synchronism, and thus time
events recorded in different time recorders cannot be accurately

related).

- 106 ~




KETTLE LONG SPRUCE

u~4753,5,7,@ 1 ~ ) 3UNITS
900 N A

A

3 LINES | {1 LINE 2 LINES 2 LINES

" l I |
i A
229 MVAR 4 —_— 200 MVAR

‘ RADISSON HE
% Xz (BIPOLE 1) OR A A (alg‘oofgz) ,
Jr 185 MW < 202 MW

Figure 5.1.1: Manitoba Hydro Collector System on
September 30, 1978, 09:22 hrs.

Initial Condition:

At 09:22 hrs, the system found itself in the configuration of
Figure 5.1.1, with five machines at the Kettle station and three at the
Long Spruce station. Two dc bipoles were on at Radisson and Henday
each taking in 185 and 292 MW of power respectively, and operating in
12 pulse operation. In addition, the Sth, 7th, 11th and 13th harmonic
filters at Radisson were supplying a total reactive power of 229 MVAR
and the high pass filter at Henday was supplying 200 MVAR. 1In this
condition, each of the Kettle machines was loaded to approximately 34
MW and 64 MVAR (capacitive) and the Long Spruce machines to about 103

MW and 49.41 MVAR (inductive) respectively. Thus there was a net

reactive power flow from the Long Spruce machines to the Kettle
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machines. This is not a normal operating condition, but the system was
cast into this situation on account of some prior disturbances.
Event 1 (time = ~ 1.7 sec)

Due to the fact that the line connecting Kettle units 11, 12
to Radisson carried the current of both these units (unlike the 1lines
connected to units 3, 5, 7 which carried only one machine each), it
tripped due to overcurrent relay operation. This event has been
labelled 1 in Figure 5.1.1.

Event 2 (time = 0.15 sec)

The converter at Radisson blocked due to commutation arcback,
and thus there was a load rejection of 185 MW in the Collector System
(see event labelled 2 in Figure 5.1.1).

Event 3 (time = 2.1 sec)

There was an overvoltage in the Collector System due to this
load rejection, which tripped the 200 MVAR filter at Henday.
Event 4 (time = 2.215 sec)

By an intertripping arrangement on the protection system at
Henday, the converter at Henday (Bipole 2) blocked.

Events 5, 6, and 7 (time = 2.28 sec, 2.33 sec, and 2.38 sec)

In the duration between Events 3 and 4, the three units at
Kettle were still absorbing a large quantity of reactive power and
suffered a drop in terminal voltage due to the tripping of the filter.
There are loss-of-field relays on these units, which are essentially
impedance reléys with undervoltage supervision. That is, they take the
machine off-line if they detect excessive VARs going into the machines,
and a simultaneous drop in voltage, which is precisely what happened
between Events 3 and 4, which after a delay tripped the three machines

after the end of Event 4.
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Thus, the Kettle machines began to trip in succession,
because of the operation of these relays. As at the instant of trip-
ping, they were absorbing a considerable amount of reactive power;, they
suffered an overvoltage in their field circuit, and thus had damaged
exciters. As the machines to trip later were more heavily loaded with
reactive power than the ones that tripped earlier, the amount of
exciter damage was observed to be in direct proportion to the sequence
of tripping.

Units 3 and 7 exciters showed damage to smaller circuits, and
signs of arrestor flashover. Unit 5 had 12 out of 84 [8] thyristors
fail in the short circuited mode, resulting in a complete short circuit
on the exciter's dc bus. It is believed that failure of one string of
thyristors in the short circuited mode could have protected the rest in
parallel with it from being damaged. The Unit 5 exciter also showed
evidence of arrestor flashover and had 35 of 60 plates damaged.

5.2 Modelling Details

To analyze this disturbance, MH~EMTDC (Chapter 3) was used.
As was shown in Chapter 3, it was important to model both the HVDC
converter and the associated filters in detail. 'Figure 5.2.1 shows the
single-line schematic layout for the system model utilized in this
study. In order to model the speed effects properly, a governor model
of the sort mentioned in Section 3.4 was utilized.

Tables A2.1 to A2.6 of Appendix II give the data used in the

simulation, and refer to Figure 5.2.1.
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The first step in the simulation was to obtain the initial
machine angles, terminal voltages and tap changer ratios from a load
flow. These were then ‘plugged' into the transients model, and the
system started up using the starting up procedure described in section
3.3.3. Once the dc converter voltages had built up, the dc converters
were deblocked, and the system allowed to reach the steady state. At
this point, the machine speed, which was fixed at a value of 2 x w1 x
60 rad/sec (electrical) is controlled by the machine inertia and
governor system so that the mechanical dynamics are now represented.

One of the checks that a transient solution program is
working properly is that it should yield the same steady state values
as the load flow. Figure 5.2.2 shows the real and reactive powers
calculated from the load flow, and from the predisturbance stabilized
transient solution. Agreement is close. The slight differences arise
because the reactive power consumption of the rectifiers depends on the
firing angles on the wvalves. These are exactly represénted in the
transient EMTDC solution but not in the load flow. Also, the machine
initial angles were calculated (using the method in section 3.3.3),
neglecting saturation, and may be slightly off from the values with

saturation included.
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5.3 The Simulatiop Results
——————=--0n Results

5.3.1, which show the Kettle and Long Spruce fielq currents, the exci-~

ter voltage at Kettle, the terminal voltage (rem.s.) of the Kettle

- 112 -



3.2

2.4

1.6

J

"

0.8

TIME (SEC)

A4

¢'E h°e 9°1 8°0

a) Field Currents

(Nd)  LN3¥YNJ 41314

o

0.0

o

b) Kettle Field

“he

"91

‘8

‘0

-g-

‘g1~

2.4 3.2

1.6

0.8

(en)
o

(SL70A 07314 30 X) SL70A 41314

Voltage.

: Waveforms for the Simulation of Events 1-4.

Figure 5.3.1

- 113 -



(PU)

‘TERMINAL VOLTS

S \,/ﬂw 03
an
o >
° =3
S éJ h 3
T TIME (SEC) TIME (SEC)
: 1 : - !
“0.0 0.8 1.6 2.4 0.0 0.8 1.6 2.4

c) Kettle Terminal Voltage.

0.64

0.48

d) Kettle MVAR s/Machine.

c;»«NB,,/ELfyﬂL£%4m49«ywp

0.

(KILOAMPERES)
32

0.16

TIME (SEC) ||

HUD

0

Figure 5.3.1

| 1

.0 0.8 1.6 2.y

e) Bipo]e 2 dc Current.
: Simulations of Events 1-4 (...Contd.)

- 114 -



machines, the reactive power per Kettle machine, and the dc current at
Henday in Figures a, b, c, d and e respectively. The 180 MW load re-
jection causes both field currents to go down, and the terminal voltage
to go up. The megavars into the machines at Kettle also increased.
The simulation shows that as a result of exciter action, the field
current reached zero and there is evidence of some overvoltage in the
field due to this transient. The magnitude of this overvoltage is,
however, only about 15 times open circuit field voltage at the maximum,
and thus not expected to cause any exciter thyristor damage. From this
time onwards to time = 2.1 seconds, there is some chatter in the field
voltage shown in Figure 5.3.1 b, as the field current hovered around
the zero mark, but this too is (as it should be) small in magnitude.

As the Kettle machine field current had reached zero, the
exciter had no further controlling effect on controlling terminal volt-
age (as seen in Figure 5.3.1 c¢), and thus partially, the system voltage
(which was still somewhat controlled by the Long Spruce machines).
This voltage thus gradually increased with the system frequency which
increased due to the load rejection. There was thus overvoltage at
Henday (dc converter bus), and the protection scheme removed the 200
MVAR high pass filter off that bus (Event 3). This occurred at 2.1
seconds in Figure 5.3.1. The sudden decrease in MVARs caused dips in
the Kettle machine voltage (to 0.88 pu) and an increase in the machine
field currents. The Kettle field current again went positive (Figure

5.3.1 a) and the exciter resumed smooth normal operation as seen in
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Figure 5.3.1 b. The dc current experienced a momentary dip (Figure
5.3.1 e) as the voltage at Henday dipped.

Automatic intertripping caused the dc converter at Henday to
block, and thus cause a 100 percent load rejection on the ac collector
system (Event 45. This occurred 110 msec after Event 3. At time =
2.21 second, the blocking of the converter can be evidenced in Figure
5.3.1 e which shows the dc current going to zero. This load rejection
had a similar, but far severer effect on the collector system than the
earlier load rejection at Radisson at time = 0.1 second. Voltages and
megavars went up (Figure 5.3.1 ¢ and d), and field currents went down
(Figure 5.3.1 a), and the Kettle field current, in fact hit zero. The
resulting overvoltage in the field is seen in Figure 5.3.1 b.

As mentioned in Section 5.1, the dip in voltage between
Events 3 and 4 caused the loss of field relays in the Kettle machines
to operate, but because of the delay in the protection circuit, the
machines were actually removed from the system about 70 msec after
Event 4. The undervoltage setting on the loss of field relays was 0.83
pu on Kettle machines 7 and 3, and 0.80 pu on Unit 5. The simulation
(Figure 5.3.1) shows a voltage dip to only 0.88 pu, but there may be
some error in this. (Also, the system frequency was about 63 Hz be-
cause of the load rejection at 0.1 second, which may have slightly
raised this threshold.) But it is interesting to note that this pro-
tection operated only in Units 7 and 3, which had the 0.83 pu setting
and not on Unit 5. These units tripped at t = 2.28 and t = 2.33 seconds
respectively (Events 5 and 6). Figure 5.3.2 a and b shows these events

more clearly. The time origin for Figure 5.3.2 is 2.1 sec., so that
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Events 4, 5 and 6 occur at times 0.11, 0.18 and 0.23 seconds respec-
tively, with respect to this new time origin.

Peak overvoltages of about 60 times open circuit field volt-
age were caused by load rejection at 0.11 sec, and machine tripping at
0.18 seconds (of course, Unit 7 only saw the first of these). The
field current and voltage picture of Figure 5.3.2 is really that of
Unit 5, the last unit to trip. However, the response for the other two
are the same, until they are tripped off. Tripping of Unit 3 at t =
0.23 sec in Figure 5.3.2 caused a severe overvoltage in the Unit 5
exciter of a peak of about 110 times nominal open circuit field
voltage. This overvoltage Faused the Unit 5 exciter to have thyristor
failure, which essentially short circuited the ac side of the exciter,
and caused the unit to be removed from line by exciter overcurrent
relay operation (Event 7). An expanded view of the most severe over—
voltage is shown in Figure 5.3.3 where the steep initial wavefront
should be noted. This rate of rise is about 1 (o.c. field volts)/u
sec or about 120 V/u sec.

This simulation explains why the severity of damage in
Units 3_and 7 was less than that in Unit 5, mainly because Unit 5 had a
far severer field overvoltage. Unit 5 was the only one that suffered
thyristor damage, the other two showed signs of arrestor flashover
only. It is expected that in Unit 5, the arrestor flashed over too
late to save the thyristors on account of the speed with which the

overvoltage occurred.

- 119 -



5.4 Chapter Summary

In Chapter 4, the effect of various types of load re jections
and reactive power loadings on field circuit transients was discussed.
This Chapter explains an actual disturbance that took place in Manitoba
Hydro's Northern Collector System based on the investigations of
Chapter 4. MVAR loading on the Kettle machines was due to filters and
the Long Spruce machines. Overvoltage stresses were due to load rejec-
tions (Event 4) and machine tripping (Events 5 and 6).

In the next Chapter are discussed ways of minimizing exciter

|
overvoltage stress, so that failures of this type may be avoided. It
must be emphasized that such an event is a rare event because the
system is not normally operated in a fashion that may result in a field

current negative transition. The event of September 30, 1978 was the

result of a unique contingency.
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CHAPTER 6

Protection Methods

6.1 Introduction

It has been shown in Chapters 2, 4 ;nd 5 that the overvolt-
ages in the field circuit associated with machines tripping on capaci-
tive (or filter) loads, are of substaﬁtial magnitudes, and have
extremely rapid rates of rise. In this chapter, a representative situ-—
ation such as the one shown in Figure 4.2.4 (Chapter 4), but with only
two machines of the Kettle Generator type isolated onto a pair of Sth |

™ 2nd 13 filters (see Appendix IT, Table

and one each of the 7th, 11
2.5 for data) has been considered. One of the machines is then made to
trip, and thus the entire (132 MVAR) filter load is felt by the other
machine, which sees an overvoltage in its field om account of the field
current transition to =zero. Figures 6.1.1 a and b show the field
current and voltage responses for this case. (Note the diminishing
field overvoltage with time, on account of the machine saturating as
its terminal voltage [Figure 6.1.1 c] rises). Figure 6.1.1 d shows an
expanded time plot of the first two overvoltage peaks, the first of
which has a near vertical rise, and a magnitude of about 100 times the
nominal field voltage needed to achieve unity terminal voltage.

In the subsequent sections it shall be shown that the reverse
resistance of the exciter circuit has a bearing on this overvoltage,
which decreases both in magnitude and rate of rise, with decreasing
reverse resistance. This is also typical of other types of field over-

voltages caused by line-to-line or line~to-ground short circuits [9,

12, 71 or pole slipping [9, 10, 13]. Thus protection strategies
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similar to the ones discussed in the above references [9, 12] should be
applicable here. These consist of either having such low reverse re-
sistance in the field circuit as to prevent the overvoltage in the
first place, or to have an alternative reversé.current path through a
solid state switch to provide a low resistance path for the reverse
current.

The former of these causes considerable power loss in the
protection circuit (thus necessitating forced cooling), and the latter
is amenable to pulse triggering of the bypass switch which could result
in a short-circuiting of the exciter. Another possible method is to
have a very fast acting surge arrestor, which breaks down quickly
enough to prevent the rapidly rising voltage from appearing across the
thyristors. The need for fast arrestor response can be alleviated
somewhat by decreasing the rate of rise of the overvoltage by placing a
reverse resistance in the field, which is not smdll enough to cause
excessive loss as in the first method listed above.

The final protection choice, of course, rests with the
designer,  who would weigh the pros and cons of each of the above

schemes and select one.

6.2 Desired Speed of Response of the Surge Arrestor

A surge arrestor wodel was developed and placed at the
machine's field circuit terminals, to see how soon the arrestor had to
operate in order to protect the exciter thyristors. Figure 6.2.1 a
shows a functional diagram of the surge arrestor model. The model

consists of a dual slope V-I characteristic, one of higher slope (RREV)
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representing the normal (high) arrestor resistance, which breaks over

after threshold voltage (E)) into a characteristic of lower slope (Ry),

signifying a breakdown of the arrestor. The lower slope characteristic

can be offset vertically by changing the voltage (E; ) in Figure 6.2.1.

ig ig

Figure 6.2.1: Surge Arrestor Model.

A delay is built in, so that the transition from RREV to Ry

takes place with a pre-selected specified delay. Characteristics such
as in Figure 6.2.1 b (representing a solid state surge suppressor [35])
or as in Figure 6.2.1 ¢ (repFesenting a low resistance introduced via a
solid state switch, such as described in Section 6.1), may be modelled,

merely by proper selection of E; and E;.

Figures 6.2.2 a and b show the field voltage responses for
the case of Figure 6.1.1, but with the arrestor modelled, with RREV =
10,000 Rf » R =R., B = E =15 times open circuit field voltage. |
Here R.f is the normal (forward direction) field registance. Compari-

sons can be made between Figure 6.1.1 d and Figures 6.2.2 a and b, as
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they all show field voltages in the various cases. It can be seen that
the peak overvoltage 1s unaffected by an arrestor which breaks down in
100 u sec, and even in the case of an arrestor ome with a 25 y sec
delay, there 1is still an overvoltage peak of about 35 times the open
circuit field voltage. Thus, it would appear that for an arrestor to
protect the thyristors from overvoltage, its time of response should be
faster than 25 microseconds.

This modelling of a sudden breakdown at a pre-specified time
after the overvoltage is an approximation to the real phenomenon. In
surge suppressors, the current builds up to its steady state response
to the overvoltage continuously, with a time constant. Zinc oxide
arrestors, used for much higher overvoltages, have a time constant in
the ordgr of 10 u sec [36] (variable, depending on actual overvoltage).
Selenium suppressors, which have been used in many cases, are slower.
The response speed of 25 p sec desired above may thus possibly be
achieved with the right arrestor. However, sometimes protection
against capacitor induced field stresses may be required on generators
already installed (such as at Manitoba Hydro), and a patch up solution
(without installing another arrestor) may be wanted. ThHe time of 25 u
sec response 1is not too fast for solid state arrestors, as far as the
breakdown phenomenon are concerned. However, lead inductance effects
may increase the time considerably because they introduce a delay in
the current. The following sections deal with this problem, and ad-

dress means of providing protection by alternative means.
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6.3 Effect of Different Reverse Resistances

As the reverse resistance in the field is decreased, the
overvoltage decreases too. The first two overvoltage peaks of Figure
6.1.1 d were re-simulated using different values of field reverse
resistance. Figure 6.3.1 shows these peaks for a reverse resistance to
normal field resistance (RREV/Rf) ratio, varying in decades from 10 to
10,000. As can be seen, for RREV/Rf = 10, there is hardly any over-

voltage (maximum of 4 x o.c. field volts) and RREV/Rf = 100 gives a

maximum of about 21 times the open circuit field voltage.
Another factor to be noticed is that the rate of rise of
overvoltage is also markedly affected. Comparisons of the RREV/Rf =

10,000 and RREV/Rf = 1000 waveforms show that the two waveforms are

very close as time progresses, but the initial rate of rise is very
different.

This substantial variation in overvoltage magnitude 1is also
observed in other kinds of field overvoltages, such as those due to
unsymmetrical short-circuits [9,12], and pole slipping [9,10]. Ihis
variation would, at first glance, suggest that one of the ways to
combat this overvoltage is to place a shunt resistance of about 10
times the forward resistance across the slip rings. But, taking the
example of the Kettle Generator (see Appendix II, Table A2.1), in which

Rf = 0.17 @, the required reverse resistance for a ratio of 10, would

be 1.7 Q. The field voltage for producing 1 pu terminal voltage is
112.2 V, and on a large inductive load, could be as large as twice this
value. This would mean a power dissipation of about 30 kW in this

resistor! With RREV/Rf = 100, the power loss for the above case would
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be 3 kW, which can be handled without a complicated cooling system.
(This power loss can be fractionally reduced by connecting a diode in
series with the reverse shunt resistance [9], which allows only uni-
directional current in this resistor, and thereby prevents loss when
the 6 pulse exciter voltage goes partially negative, such as is the
case at higher exciter firing angles.) However, the peak voltage is
still about 22 times the open-circuit field voltage, which may be above
the peak inverse voltage rating for the exciter thyristors. In any
case, merely having a lower reverse resistance is one protection alter-

native, 1f the cooling requirements do not prove to be excessive.

6.4 Other Protection Methods

One of the ways to prevent the excessive power loss in a
small reverse resistance is to have it switched into the system auto-
matically, when the field voltage begins to rise and threaten thyristor

damage. This may be achieved by an arrangement such as in Figure

N

g {
| \ 4 Ra |
PRS- 1 H

4

At R
Rb:

6.4.1.

Sq

JORE—— Vz
R’z i FIELD
R N SLIP— RINGS

EXCITER

Figure 6.4.1: Possible Automatic Switching Scheme.

In this case, the lower reverse resistance (Ry) 1s switched

in only when the voltage V; exceeds the Zener diode threshold voltage
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Vz, that is, when the field voltage exceeds Ufo where

eoe 6.4.1

If the current in Ry exists for a long period of time, it operates
the ganged switches Sy and 8, which short circuit the field, and

remove the exciter from the machine. RA and RB " are chosen to be

very large, so that their losses are neglible. This type of scheme,
again, has been suggested by Canay [12] for prevention of exciter
damage from unsymmetrical terminal short circuits, and is sometimes
called a 'crowbar' circuit. Figure 6.4.2 shows waveforms of such an
operation with the 'crowbér' switched on at 15 x o.c. field volts.

Another possible way to prevent exciter damage is to slow
down the. rate of rise of overvoltages by shunting the field with a not
too small value of reverse resistance. From Figure 6.3.1, we see that
an RREV/Rf ratio of 1000 decreases the slope quite a bit. This

RREV/Rfratio would give a continuous (worst case) power dissipation in

the reverse resistance of about 300 W, which is quite acceptable from
the cooling point of view. The surge arrestor across the field, then,
may have adequate time to breakdown and prevent damage to the
thyristors.

The case considered in Section 6.1 (132 MVAR load on two
machines) is reexamined here, but with a reverse resistance of 1000
times the field resistance. Figure 6.4.3 shows field voltage waveforms

for the arrestor breaking down in 100 and 50 microsecoqu respectively.
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A surge arrestor breakdown threshold of 15 times the open circuit field
voltage has been assumed, with a peak inverse rating of 20 times the
open circuit field voltage on the exciter thyristors. The switched on

resistance Ry 1is equal to Rf. It can be seen that a breakdown delay

of 50 u sec is sufficient to prevent damage. The allowed delay would
be even larger if a slightly smaller ratio of reverse to forward resis-
tance were used. This would allow for the existing (slower) arrestor
to be adequate for protecting against the overvoltage.

Although the above method does not have the drawback of
spurious turn-on, as in the case of the 'crowbar' circuit, it relies on
arrestor operation for thyristor protection and thus increases arrestor

dﬁty.

6.5 Chapter Summary

In this chapter, a candidate situation of field overvoltage
for the case of the tripping of one machine out of a pair, connected to
a 132 MVAR filter load, has been considered.

‘It has been pointed out that the arrestor operation speeds in
excess of a maximum of 25 microseconds delay are necessary to protect
the exciter thyristors from damage, if no reverse resistance is used.

The considerable decrease in the exciter overvoltage stress,
both in magnitude and rate of rise, with decreasing reverse resistance
suggests a number of protection schemes, which are listed below:

(1) Utilizing a reverse resistance of low value, permanently

connected in parallel with the field slip rings: This scheme is
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robust, but results in a large power loss, which necessitates a corres-
pondingly large cooling system.

(ii) Utilizing a ‘crowbar' circuit: This has the advantage
of minimum steady-state losses, but has the danger- of a spurious turn-
on and limited duration operation.

(iii) Utilizing a reverse resistance to slow down the rate of
rise of overvoltage so that it can be handled by the arrestor: This
method does not have the false turn-on drawback of method (ii) abéve,
but results in repeated surge-arrestor operation.

The first two of these methcds have been suggested as protec-—
tion schemes for protecting the exciter thyristors against pole slip-
ping or unsymmetrical qhort-circuit induced field overvoltages. As
demonstrated here, they will work equally well in the case of capacitor
induced voltages.

The third wmethod of reducing the rate of rise of overvoltage
so that even an arrestor with slow response time can prevent exciter
damage, appears to be the simplest and may be used on the existing
(slower) arrestors.

‘When a new plant is constructed, an analysis of such tran-
sients may help in deciding whether to use a fast arrestor, if avail-

able, or any of the three above methods.
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CHAPTER 7

Conclusions and Recommendations

7.1 Conclusions
The main aim of this thesis has been go explain the cause and
the nature of overvoltages in the field circuits of machines that are
required to pick up a capacitive load suddenly. To tackle this prob-
lem, however, detailed simulation on a digital computer was necessary,
because there was no recourse to major experimentation on the actual
system. Thus efficient modelling, particularly of the synchronous
machine, and its interfacing with an electromagnetics transients pro-
gram, are also considered to be contributions of this thesis.
The major conclusions, in itemized form, are now stated
below:
1. It was found that the machine-terminal capacitance oscil-
latory circuit causes transients of the field current.
If the exciter has no reverse current capability (as is
the case with most present day solid state exciters), and
if these transients try to make the field current go
transiently negative, high overvoltages result in the
field circuit. These overvoltages can damage the thyris-
tors of the exciter system, unless adequate protection is
provided.
2. Simulations were first carried out on a machine model
counected to a simplified ac system in which the capaci-
tive load was represented by a lumped capacitance ele-

ment. The field transients were found to be violent in
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the case of the machines remaining on line connected to a
pure capacitance after other identical machines at the
same bus had tripped off. The overvoltages were parti-

cularly severe when the machine thus left behind was in
Oor near a potential self-excited condition. Transients
in the case of a machine picking up reactive power
because of a resistive—inductive load rejection, were not
SO severe.

In the case of an exciter (without surge arrestor), the
damage to 1ts thyristors actually introduces a reverse
current capability. This prevents rapid rate of rise of
the machine terminal voltage, which would have otherwise
been the case of a machine left at the onset of self-
excitation due to the sudden tripping of its neighbouring
machines at the same plant. (This would have been the
case with the last machine to trip when an entire plant
is tripped.) This is commensurate with observations by
others, that reverse field current capability prevents
rapid self-excitation.

A simplified mathematical analysis to explain the magni-
tudes, frequencies and time constants of these field
transients was carrried out, and agreed reasonably well
with the results of detailed simulations.

The inability of the exciter to control field current
under such conditions, on account of an extended time
constant was demonstrated by simulation and experimenta-

tion.
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6.

A detailed machine model for use with Manitoba Hydro's
EMTDC electromagnetic transients simulation program was
developed. The machine was modelled as a voltage depen-
dent current source which computed the currents to be
injected into the ac system by ﬁtilizing the values of
terminal voltages in the previous time steps. A novel
method of interfacing this program with EMTDC was devel-
oped, in which the nodes of connection of the machine to
the ac system were also connected to ground with a resis-
tance. The current error introduced by this resistance
was compensated for by slightly modifying the machine
injected currents. This scheme was found to greatly
enhance the numerical stability of the model, and also
allowed more than one machine to be connected at the same
bus. In this way, the machine model constructed here was
without the drawbacks of other comparable models.

The effect of realistic capacitive loads on the tran-
sients in the field was simulated. In particular, it was
shown that a filter ioad, a capacitor load, or an unter-
minated long 1line load were potential producers of
exciter overvoltages, but that if the reactive power into
the machine were purely from another machine, there was
no danger of exciter overvoltage. Also the frequencies
(and hence rates of rise of exciter voltage) in the field

current depended a great deal on the type of capacitive

load.
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10.

When investigating the field overvoltages due to an HVDC
converter, it was found necessary to model the dc conver—
ter as a thyristor bridge. This would change the initial
conditions on the filters, and hence increase the sever-
ity of the field transient, whendcompared to the case of
the dc converter modelled as an equivalent R-L load.

In the case of machine tripping, the effect of phase by
phase opening of the breaker was simulated, and found to
increase the severity of the field transient. Also, as
expected, there was little effect on the field transient
due to the star-delta machine transformer. This was
because the field transients are only due to positive and
negative sequence terminal currents (though not at funda-
mental frequency), which pass unhindered through the
star-delta connected transformer.

An actual case of such exciter overvoltages, brought on
by machines tripping when connected to filters, was simu-
lated. The simulated situation actually occurred on
September 30, 1978 in the Northern Collector System of
Manitoba Hydro's HVDC system. The case involved field
transients due to dc load rejections, and also due to
machine tripping. The reactive power going into the
damaged machines came from two sources: filters, and
another generating station, and hence involved the super-
position of some of the transients discussed in point 7
above. The severity of the actual damage was in line

with that predicted by the simulation.
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11.

12,

An approximate model of a field surge suppressor was
utilized in order to recommend protection methods for the
exciter thyristors. Though the mechanism of the suppres-—
sor operation modelled is somewhat different from that of
the actual suppressor (in that uniike the actual suppres-~
sor, the suppressor is suddenly made to act after a pre-
specified delay after the occurrence of overvoltage), it
nevertheless gives a good idea of the time constant
required for the suppressor. If a suppressor with suffi-
cient speed were unavailable, it was shown that overvol—
tages could be reduced by reducing the field resistance
either permanently, or transiently by solid state switch-
ing. Both these methods have been discussed before in
literature for exciter stresses due to other causes such
as line-to-line short-circuits or pole slipping. They
were found to apply here equally well.

Another simple method was proposed, in which the rate
of rise of the overvoltage was reduced by a suitably
small field reverse resistance, so that a slower arrestor
could react before thyristor damage occurred.

The field overvoltage and exciter transients were demon-
strated utilizing a 15 kVA laboratory machiﬁe. The situ-
ation was also simulated using the program, and agreement
was excellent, which was an additional check on the effi-

cacy of the machine model.
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7.2 Recommendations for Further Work

As this thesis was primarily an 1investigative thesis (as
opposed to a developmental one), there are not many recommendations for
further research as far as the phenomenon of capacitor induced tran-
sients are concerned. Further work can be carfied out though into the
proper scheme for protection against such exciter stresses - an area
‘that was not exhaustively covered in Chapter 6 of this thesis.

The machine model used was very adequate for the present
study. However, additional coils on axes or additional inertias and
shaft stiffnesses may be easily incorporated, 1if needed for other

studies.
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APPENDIX I

The Per Unit System used for Synchronous Machines

1.1 The System

There appear to be two main reasons for the use of a per-unit

system, and they are as follows.

1. That the values of similar quantities for a large number
of greatly differing machines (or systems) have the same
orders of magnitude when expressed in the per-unit sys-
‘tem. These values are typically of the order of unity.

2. Turns ratios between windings on the same axis can be
made to disappear, resulting in simpler equations for the
mutual coupling between coils. For example, the expres-
sion for the net magnetizing (mutual) flux in the d axis
of a synchronous machine is:

.o Al

= Lmd (id + if + 1

¥od kd’

where id’ if, ikd are the three currents in the three

coils in the d axis circuit that are mutually coupled,

and wmd is the mutual flux linking all three.

In the per-unit system used here, the rms values of line-
neutral voltages and line currents on the stator side are chosen as the

bases for the per-unit voltages and currents. This is the system fol-

lowed by Adkins [20].
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Also, when base voltages and currents are applied to the
machine, base power flows into the machine (motor convention), and
hence the per—unit expression for power becomes:

1

= + oo o
P(pu) 3 (va ia +v i v, ic) Al.2

b b

When transformed to dqo axis quantities, by the dqo transformation

(shown here for voltages),

uy cos 6 cos(8 - 2n/3) cos(6 - 4u/3) v,

- 2 ’ - -
uq = 3 sin 6 sin(6 2n/3) sin(® 4n/3) vy Al.3
ug 1 1 1 v,

the equation for power becomes:
P =—1-(ui+u i) +uyy i
(pu) 2 *"d "d " "q q 0 %0 -

vUnlike in other per-unit systems [21], the angular speed of
the machine is not expressed in per-unit, but in radians/sec. (This is
tantamount to assuming one second as the per-unit base for time.)
Hence, the machine equations that result (listed as equations 3.3.1 and
3.3.2 in Chapter 3) have, for the w multiplier term, the nominal
value of 377 radians/sec. Also, 1 pu torque is defined as that produ-
ced by 1 pu input power at synchronous speed, and so in the steady
state synchronous speed operation, the power and torque are equal in

value. In steady state operation at speed w, Torque = Power x (w/wg)-
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The machine mechanical dynamics equations are expressed in
terms of the per-unit inertia constant, which is the ratio of the
stored energy in the rotor to the rated machine KVA. The mechanical

dynamic equation may be written as:

T = J = oo A 1.4

where T and J are the per unit torque and moment of inertia. At

synchronous speed, the energy stored in the rotor is l-J wg (in per

2
unit), so that
H = L A 1.5
__2. wo LI N .
‘_2H
Thus J = o and equation A 1.4 ©becomes
0
_ 2H dw
T = 5 dt (in per unit) ees A 1.6

A damping term expressing damping in pu MW loss/pﬁ frequency

deviation may also be added so that the damping torque corresponds to:

(w = wg)

Td = D—U_)B—— es e A1o7

Equations A 1.6 and A 1.7 have been used in writing Equation 3.3.7 of

Chapter 3.
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Field Quantities

In the steady state open circuit operation, the voltage in-
duced in the d axis is zero, and the terminal voltage is that generated
on the q axis by relative motion of the q axis and the d axis field.

Thus,

72_if a0 A108

Here if is the field current. Because the machine is open circuited,
id = 0, and because it is in steady state, ikd = 0 (amortisseur

current). Thus the d axis flux, wd’ is produced solely by the field

current. The V2 term comes in because of the 2/3 constant in the dqo

transformation (Equation A 1.3), and the fact that v, = V2 Vrms

cos(w), etc.

Thus, if ifo is the field current required to produce unity

terminal voltage on open circuit

md
1 = V2 ifo
or i = /’—'2—' s 00 A1n9
fo X
md

The actual value (in amperes) of this field current (say ifo (actual))
is known, so that the field base current
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X
md
i & = T2 ifo (acutal) ... A 1.10

By MVA balance between the phase a stator circuit and field

circuit bases, we have

ees A 1.11

where the left-hand side stands for stator base quantities, and the

right hand for field base quantities. Thus

v - lsb" Veb _ 1 (VA) base
TR 3T 4,

VA base )

L, ’md (VA base A1.12
T3 Y2 ifo(actual) tee :

The quantity in brackets is usually very large because it is
the ratio of the rated volt-amperes of the machine to the field amperes
needed to produce 1 pu terminal volts. Thus, the nominal values of
field voltage expressed in per-unit turn out to be very small. This is
the reason why most of the field voltage plots in the thesis are not on
a pu field volts scale, but on a scale which uses the value of field
voltage required to produce unity open circuit terminal voltage (ifo

(actual) x rf (ohms)) as base.
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APPENDIX II

Data Used in Various Simulations

Given below 1is a 1list of machine, exciter, governor and

system characteristics that were used in the various simulations.

A2.1 Manitoba Hydro System

TABLE A2.1:

Kettl
MVA 120
Voltage 13.8
X 0.17
Xy 0.936
S 0.002
X4 0.122
Xf 0-152
xmq 0.472
Xkq 0.0835
ka 0.0037
de 0.0035
qu 0.0035
kf 0.0007
H 3.42

*
g = 1

e

kv
(Pu)l
(pu)
(pu)
(pu)
(pu)
(pu)
(pu)
(pu)
(pu)
(pu)
(pu)

(pu)

Machine Data Used in Simulation.

Long Spruce

115

13.8 kv
0.14 (pu)
0.61 (pu)
0.0 (pu)
0.048 (pu)
0.162 (pu)
0.36 (pu)
0.131 (pu)

0.0064 (pu)
0.0144 (pu)
0.0521 (pu)
0.00026 (pu)

3.44  (pu)

in Chapters 1 to 3, and up to Section 4.2.1 in

Chapter 4.

TABLE A2.2: Exciter Dat

Kettle

1.43 sec
7.04 sec

289.0

0.012 sec

5.0 x o.c. field
-3.5 x 0.c. field

a (see Model in Section 3.4).

volts
volts
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Long Spruce

0.1 sec
0.1 sec

117.0

0.06 sec

6.0 x o.c. field volts
-5.0 x 0.c. field volts



TABLE A2.5: Filter Data.

Filter: R(Q) L(mH) C(uf) (per phase
all)

5th (each) 1.08 61.4 4.58

7th (each) 1.52 61.4 2.337

11th 0.75 15.2 3.84

13th 0.89 15.2 2.749

Hiﬁh Pass (at Henday) 134.0 4.9 10.0

6t (dc, Radisson) 8.84 391.0 0.5

12th (dc, Henday) 7.94 122.2 0.4

(for circuit details, see Figure 5.2)

Table A2.6: Transformer Data.

Transformer HV side LV side MVA R % X1 % Xo %

Kettle 141.45 13.8 125 0.403 10.3 9.34
(machine, each)

Long Spruce 235.75 13.8 100 0.17 6.89 5.83
(machine, each)

Radisson 230 13.8 200 0.0 8.2 6.7

(all impedances on our MVA and LV side base)
where:

HV Lv HV LV
YN AN ~}

X0= closed for

YY grounded

Positive Network Sequence Negative Network Sequence
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TABLE A2.3:

Governor Data (See Model in Section 3.4).

Kettle Long Spruce

Ky 0.0 0.0

Kp 1.0 1.0

Ky 0.461 0.03

T ) (sec) 0.3 (sec)

T2 6.0 (sec) 200.0 (sec)

T3 © (sec) 2.0 (sec)

Ty 0.02 (sec) 0.07 (sec)

Ts 0.9 (sec) 1.28 (sec)

TR 0.266 (sec) 6.1 (sec)

TMAX 1.0 1.0

r 0.394 0.36

R 0.04 0.04

*Vemax 0.22 0.172

MAXGATE 1.0 1.0

MINGATE -0.05 -0.05

TABLE A2.4: Transmission Line Impedances.

Line: R11l X11 Bl1 R00 X00 Bog  (all Q/km)
L-R -0.047 0.487 3.386 0.361 1.475 2.26 (each line)
L-H 0.047 0.49 3.38 0.375 1.53 2.26 (each line)
K-R modelled as a reactance of r + juwf,

where

r = 0.109 @, £ = 0.003H

(each line)

R1i1, X11, B11
series reactance and shunt susceptance per kilometer.

are the line positive sequence resistance,
Roo,

etc., are the corresponding zero sequence quantities.
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TABLE A2.7:

A 2.2 The Laboratory Machine

KvA
Voltage
Xa

Xnd

Xkf

Xkd

Xf

xmq

1"'a

:kd

red
Inertia:

15

208 v
0.052
0.610
0.0
0.1413
0.0736
0.26
0.260
0.042
0.3378
0.207
0.0042

kVA

Laboratory Machine Data.

L-% (rated)

(pu)
(pu)
(pu)
(puw)
(pu)
(pu)
(pu)
(pu)
(pu)
(pu)
(pu)

(includes contact resistance)

Assumed infinite
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