PERFORMANCE OF A SOLID STATE EXCITER
FOR POWER SYSTEM STABILITY

A. H. M. A. Rahim

Department of Electrical Engineering
University of Petroleum and Minerals, Dhahran, Saudi Arabia

M. M. A. Safa

Department of Electrical Engineering
Imperial College, London, England

i dxde

St 5Lt e il bezily Sl dgadl plicay Dozl o b pins pas 4B
Ol B3l o 6 ally ad

iy oy 85z} dgr 3 @Sl 83 § ot (g3lall 3l g 57,00 B! B BLAYLS
sl e B

Jros B g3 O o pes QU Jop g Jodl § ko il G Joy AT
gl ptandl o lates dig O oo bbb GUgS!

syes B hir gl e A2 el Sl Blonaal Clows B el olsl g gy
paall i op o AILAT AL 87 8)BT Cylde Lo plla) D e (15 By B gl Oyl
chall padt allas )t

ABSTRACT

A fast response solid state exciter and voltage regulator has been designed and
constructed using silicon controlled rectifiers. In addition to normal terminal
voltage feedback, provision was made to control the excitation voltage through
velocity feedback. A laboratory synchronous generator was paralleled to a power
system bus through a simulated long transmission line and its field was supplied
from the exciter constructed. To evaluate the performance of the exciter, the
response was recorded for various types of disturbances. Records of shaft velocity
and terminal voltage show a definite improvement in system stability when an
additional signal derived from rotor speed was fed to the solid state excitation
system.
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INTRODUCTION

A power system is said to remain in stable equilib-
rium when the steady state electrical power output
including losses equals the shaft input power. The
power balance could significantly be altered when
major system switchings, faults, and other large distur-
bances appear on the system, leading the generator
rotor angles to such a value where normal power flow
could be seriously impaired. Under such conditions,
some or all of the machines in the system could fall out
of step with each other. One of the effective methods to
control this power unbalance is to drive the exciter of
the synchronous machines beyond the normal operat-
ing range which transiently controls the power output
of the machines. This could be easily seen from the
following well known swing equation of a synchronous
generator infinite bus system:

T, d* _dé E.V

im0 pop
w, dr Tdr X

Sin ¢ (1)

E,, and V are the excitation voltage of the generator
and busbar voltages respectively; P, is the net power
input. The reactance X in the expression for power
output includes those of the machine, transformer, and
transmission line.

In order to be able to control the output and hence
accelerating/decelerating power, the excitation voltage
E,, should be varied over a large range with fast
acting high gain exciters with a large ceiling voltage.
Use of fast response exciters, in turn, introduces in-
stability in the system even in the absence of distur-
bances [1, 2]. The possibility of improving the re-
sponse with the help of various signals like velocity,
acceleration and their combinations have been re-
ported [3, 4]. A closed loop state feedback excitation
strategy which is time optimal has been investigated
by the authors, [5, 6]. Simplified control strategies
with various feedback signals like rotor velocity de-
viation, acceleration, rotor angle, field and armature
current etc. were attempted with digital simulation of
the single machine infinite bus system considered [7].
It was observed that rotor velocity feedback was essen-
tial for improvement of the transient performance in
all the cases, though combination of some other sig-
nals with it improved the response further.

This study reports the performance of a laboratory
synchronous generator infinite bus system, the exci-
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tation voltage of the generator being supplied from a
solid state exciter. In addition to normal terminal
voltage feedback circuits, the exciter has an auxiliary
rotor shaft speed deviation sensing network. The gains
and time constants of the different blocks can be easily
adjusted. The fact that additional shaft speed deviation
signal is useful in controlling transients has been de-
monstrated with the help of a simple and inexpensive
excitation system.

THE POWER SYSTEM CONFIGURATION

A small synchronous generator driven by a d.c.
shunt motor on an AEG laboratory test set was
considered for this study. The test set comprises four
machines on the same shaft with provisions for
measurement of voltage, power, frequency etc. The
synchronous machine is rated at 1.5 kW, 400 V, the
rated excitation being 200 V. The generator is con-
nected to the power system bus through a simulated
transmission line. The d.c. voltage for the generator
field is provided from the main exciter. The excitation
system, in addition to the normal automatic voltage
regulator circuit, has an auxiliary velocity feedback
loop. The block diagram of the power system is given
in Figure 1.

THE EXCITATION SYSTEM

The different components of the excitation system
are shown in the block diagram of Figure 2, the circuit
details being provided in Figure 3. The exciter com-
prised of sawtooth generator, adder, comparator and
inverter circuits, and a set of rectifiers. A small analog
computer provided the operational amplifiers, the fi-
xed voltages in the comparator circuit, and the pre-
cision resistances.

A set of three controlled and three uncontrolled
rectifiers rectify the three-phase a.c. voltages obtained
from the bus and feed the field of the generator. By
chainging the firing angles of the controlled rectifiers,
the excitation voltage may be varied from nearly zero
to maximum value. Variation of d.c. output voltages
with change in firing angle o, however, is not linear as-
shown in Figure 4.

The heart of the firing control circuit consists of a
set of three comparators, one for each phase. The
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Figure 2. Block Diagram of Excitation System

comparator compares two signals, (a) a voltage time
base signal (sawtooth) corresponding to the positive
half-cycle, and (b) a d.c. signal which is the algebraic
sum of the reference signal and the terminal voltage
and velocity feedback signal. The output of the com-
parator is normally positive but switches its mode
when the two inputs are exactly equal and opposite
(Figure 2). Since the comparator switches from po-
sitive to negative voltage, this signal is inverted before
being used to fire the SCR’s. The comparator and
inverter outputs from the experimental setup are
shown in Figure 5.

Two circuits for sensing and recording the change in
terminal voltage and deviation in velocity were con-
structed. The circuit which senses the deviation in

velocity consists of a d.c. tachogenerator which pro-
duces a constant voltage when the alternator is run-
ning at synchronous speed. The output of the tacho-
generator is compared with a reference voltage to
produce zero output at steady state. Similarly, in the
circuit for sensing the terminal voltage of the gene-
rator, the d.c. signal proportional to terminal voltage
is compared with a reference signal. For any change in
terminal voltage a signal appears at the input of the
comparator. The adder adds the output of terminal
voltage and velocity feedback sensing circuits and the
reference signal to produce a controlling d.c. signal for
the comparator. This circuit also serves the purpose of
gain control for individual feedback signals. Control of
nominal excitation voltage was obtained by changing
the reference signal. The details of the design for the
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different components of the excitation system are
available in [8-10].

MATHEMATICAL MODEL OF THE
SYNCHRONOUS GENERATOR EXCITER
SYSTEM

Park’s equations relating flux, voltage, and current
can also be applied to the salient pole laboratory
synchronous machine in the following normalized form
[6,11].

Y ia=Xgralra= Xagala (2a)
wdzxafdifd_xdid (2b)
V==X, (2¢)
E =X, 4l s —2 pi (3)
ra= Xagalya Dol 12 fd
w 1
N 4
=i ot P (4a)
W 1
= —r i 4— — 4b
eq ralq+w0 ll’d+a)o qu ( )

where ), i, e are the flux linkage, current, and voltages
respectively of the different circuits. The r’s and x’s are
the resistances and reactances, and E, is the exci-
tation voltage. Subscripts f, d, and g refer to the field,
direct, and quadrature axes armature circuits. The
machine did not have an amortisseur circiut.

The equations relating the voltages and currents of
the synchronous machine feeding the power system
bus of voltage V through a simulated transmission line
of resistance and reactance r, and x, respectively can
be reduced to

W p .
edzreid"‘_w xeiq+~we pi,+Vsin & (5a)
4] 0

» x A
€, = oy +—X i, +—=pi, +V cos & (5b)
@o Do

The basic swing equation describing the electro-
mechanical relations of the synchronous generator can
be expressed as

T
mp25 4 Dpo =T~ T, (©)
Wy

where
T =y, — V¥, (7)
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The various parameters of the machine are given in
the appendix.

Substituting the flux linkage relations (2) into (3)
and (4) and equating the expressions for direct and
quadrature axes voltages in (4) and (5), a set of 3 first
order differential equations in terms of field, direct,
and quadrature axes armature currents can be ob-
tained. Further, the swing equation can be broken up
into the following two first-order differential equations

pd=wyn ®
T x (x,—x,)
i afd ; q d’ . -
pn=—-— Legl,+ ij,—Dwgn
Tm Tm Sfd*q Tm q
w— W,
where n= 0
120

The input torque T, supplied by the d.c. shunt motor,
can be considered constant. Combining the differential
equations in terms of currents with (8), the simplified
dynamic equations of the synchronous generator are
expressed as

X=f[X, E] ©)

where X is a vector of i, iy, i, 4, and n.

"

The mathematical model of the solid state excitation
system can be combined with the synchronous gene-
rator infinite bus equation (9) to give a complete
system model. The gains and time constants of the
different blocks can be varied by adjusting values of
resistance and capacitance. The values mentioned in
the following analysis are for those shown in Figure 3.
For Zener voltage of 9.1 volts, the output voltage of the
terminal voltage sensing network (Figure 3) can be
expressed as

0.907

- 10
€ =1500077 5% (10)

where Ae,=¢,—e,,

Similarly, the output of the speed deviation sensing
network can be expressed as

—7.16

- "0 11
= 150.0086 5 (1)

The output of the adder circuit can then be expressed
as

Ae,=K e +K.e, (12)

where K, and K, are the adjustable gains of the
respective circuits. The quantity e, has been referred to
as U(t) or the stabilizing signal in Figure 1. The
reference supply in the adder block supplies nominal
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excitation. The d.c. output voltage of the SCR exciter
(Figure 4) can be expressed in terms of the firing angle
o by the following nonlinear relations

E;;=1.865(1+cos ), a<60°

(13)
E ,=3.904(1 +cos a)/(n —), &> 60

For a very small variation of the firing angle «, the
above can be approximated by the linear expression as

AE ;= —1.1664 Ao (14)

In general, the sawtooth generator, comparator, in-
verter circuits, and the SCR can be combined in one
block and the input/outputs are related by

K A {15)

AE, =—-~"
M+ T

where the value of T, obtained was 0.02 s appro-
ximately. The excitation system shown in Figure 1
may be represented by the simplified block diagram
shown in Figure 6.

The time constants in the velocity and voltage feed-
back loops are small in comparison to 7, and hence
may sometimes be neglected. This assumption gives a
very simple input/output relation for the exciter sys-
tem as follows

T T,

r

- K 1 K
pEfd:*’et__Efd +(Efdo +K,e.-)/7:+'f[ Us(t) (16)

r

Equation (16) and matrix differential relationship (9)
give the complete synchronous generator exciter
model.

RESULTS

The performance of the excitation system in stabiliz-
ing a single machine infinite bus power system has
been studied considering different disturbances. For
each disturbance, speed and terminal voltage va-
riations of the machine were recorded for three dif-
ferent modes of operation of the exciter: (a) exciter on
open loop; (b) with terminal voltage feedback only
(normal a.v.r. action); and (c) with both terminal vol-
tage and velocity feedback. Results for only two types
of disturbances involving extreme power unbalance viz
a momentary three-phase short circuit while the ma-
chine was delibering rated power, and sudden loading
of the generator (1009 and 40°%) are reported here.

The terminal voltage and velocity deviation charac-
teristics of the generator for sudden application of full
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Figure 6. Block Diagram of Excitation System

load while it was floating on the power system bus, are
shown in Figure 7. The plot of rotor velocity shows
that without feedback, the transients die down very
slowly. While voltage feedback alone improves the
situation, additional velocity feedback reduces the
magnitude and duration of the transients, significantly.
With a large gain in the voltage feedback circuit, the
first swing is large but settling time is less. The value of
gain used for the case in Figure 7 is 4. The variation of
terminal voltage and rotor velocity following a mom-
entary three-phase short circuit on the generator ter-
minals is shown in Figure 8. Examination of Figure 8b
(top) and c¢ (bottom) shows that transients are suf-
ficiently damped when additional velocity feedback
signal is used. Without any feedback (open loop ex-
citer), terminal voltage fluctuations are completely un-
acceptable and hence are not recorded.

The response of the system depends very much on
the gains and time constants of the different blocks of
the exciter. It was observed that significant increase of
the time lags, indicated in the previous section, wor-
sened the response. With the experimental setup, an
extensive study of the various types of faults could not
be done because of some physical limitations. For the
two types of faults studied, the gain settings for best
transient response were found to be different. In ano-
ther study [7], the synchronous generator was simu-
lated on a digital computer. Though basically a similar
exciter representation like the one in this study was
used, the gains and time constants were varied over a
wide range. Also the time lag in the velocity feedback
circuit was considered zero. From study of a large
number of cases, it was observed that the optimum
gain in the velocity feedback circuit was about 20. For
this particular synchronous generator (data given in
the appendix), the overall regulator gain (K,) of about
20 was found to be satisfactory both in terms of peak
overshoot and settling time. Table 1 shows the gain
settings of the different blocks of the exciter for the
laboratory setup.
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Table 1. Results for Different Gains of the Exciter Blocks
Gains of Maximum Deviation (%) Setting Time (s)

Nature of Voltage Velocity Velocity Term. Velocity, Voltage, S.S. Voltage
Disturbance Sensing Sensing Voltage. 0.1% of 1% of Error

Circuit Circuit S.S. Value S.S. Value
100%;, Torgque 0 0 17 17 18 8 11.5
Step. 4 0 1.6 7 7 6 1

4 6 1.5 e 5 — —

2 10 —_ 6.5 — 3 2.5
40%, Torque 0 0 0.5 6 4 4 3
Step. 4 0 0.7 5 8 6 1

4 6 04 3 3.5 3 1
Momentary 0 0 325 — 12 8 —
Short 4 0 45 10 11 8 0
Circuit on 4 10 3 6 8 5 0
Gen. Terminal
CONCLUSION REFERENCES

A very simple, inexpensive, and efficient excitation
system for a laboratory test machine has been de-
signed and constructed using silicon controlled re-
ctifiers. The time constants of the exciter circuits could
be made very small. While for the range of gains
studied, the a.v.r. action above is superior to that
without a.v.r., additional velocity deviation feedback
improves damping and the transients are controlled
effectively. Particularly, terminal voltage characteris-
tics show a marked improvement.

The use of supplementary stabilizing signal parti-
cularly velocity feedback for stabilizing synchronous
generators with fast response excitation system is not
new. This work was intended for construction of a
reasonably efficient device with a minimum of com-
ponents for a laboratory test machine, with the in-
tention of extending the design for larger machines. Of
course, modification and expansion of the circuitry
will be necessary to suit particular requirements. A
digital study similar to the one reported by the first
author and discussed earlier, may be a good starting
point in selecting the various parameters.

APPENDIX

Synchronous generator infinite bus system para-
meters in per unit on machine base:

X,rq=10 Xppg=1195 x, =105
x, =0.558 r, =011 rpy =0.01542
r, =0.0425 x, =156 T, =48s

w, =314rad/s
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