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PERFOBMANCE OF STATIC COMPENSATORS
FMPIOYING SATURATED REACTORS AND SHUNT CAPACITORS

PART I: Effect of Prequency, Transformer Tapplng and
Temperature Variations.

BY

Dr. Reda M. K. El-Dewieny, Dr. El-Sayed H.EL-Konyaly
and Dr. 4. Abdul—ﬂagid Hassan

The design and operation of static compensators comprising
saturated reactors and shunt capaolitors, as affected by several
factors smong which are the variation in system frequency, tran-
sformer tapping and temperature, are investigated. The results
show that under the condition of constant voltage level at the
system busbar the adequate variation in transformer tapping may
result in compensating the effects of both frequency and tempe-
rature variations. Transformer taps should therefore be desig-
ned in as fine steps as possible.

Theoretical bases as well as computer investigations are
included.

I. Introduction

i o S o e S i A —

Bynchronous condensers, serles and shunt capacitors, as
woll as linear shunt reactors have long been used in power gys-
tem networks to achieve, among other benifits, higher tranas-
nission stability limits and steady-state voltage control.
Synchronous condensers, however, have relatively slow response
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which decreases their influence during disturbances. The use

of serios capacitors camnot, when used alone, support stability
much without giving an objectionable overvoltage at light 1oads%
Linear sghunt reactors, on the other hand, have a reduction effect
on switching overvoltages®, but their effectiveness, regarding
steady-state voltage control, falls off rapidly when a change in
tranamission system throws them off centrel. Because of these
shortcomings, static compensators employing saturated reactorsB’“,
have relatively recently been introduced and greatly improved
power system performance.

A static compensator (also known as static voltege stabi-
liser or saturated reactor compensator) consists mainly of self-
saturated reactor in series with a slope-compensating capacitor
and a shunt capacitor. PFig.(l) shows a simplified circuit dia-
grem of a static compensator of this type, connected to a trans-
mission system via a regulating transformer (which may or may
not be used, depending on the value of the system voltage).

A Thevenin's equivalent circuit (a voltage source behined a
linear reactance) is also shown. This circuit is ueed to deter-
nine the total power flow to be exchanged between the system and
the stabiliser. J4ccordingly, the equivalent circuit components

are
%, -1+ (X HX )
Q
Xc+ xa+ xc 8
and ‘
X
Ve q = Vs <
I°+ X, + X, a
where
= transformer leakage reactance/ph (nurerically
positive)
X, = saturated reactor slope reactance/ph (numerically
positive)
X,, = reactance of series capacitor/ph (numerically
negative)
x& = reactance of shunt capacitor/ph (numerically

negative)
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Vs = saturation reference voltage
Fig.(2) shows how the voltage-current characteristics of the
components of the stabiliser make up & composite characteristic,
curve (a).

The voltage change across the saturated reactor, curve(b),
from zero to the rated current is vr-vs, where Vr is the wvoltage
across the reactor at current, Ir' S0, if a tighter control of
system voltage is required a slope compensating capacitor, curve
(¢), is added in series with the saturated reactor. This results
in reducing the natural reactapnce of the saturated reactor from
X, to X  + X, giving curve (d). Such a combination cap only
absorb reactive power. Shunt capacitor, curve (e), enables the
compensator to supoly reactive power. If the system busbar vol-
tage is less than the saturation reference voltage, VB, of the
saturated reactor, the reactor draws virtually no current and
only the shunt capacitor is effective. ~

It is therefore obvious that, a static compensator of this
type is capable of generating as well as absorbling reactive
power. Thus voltage and reactive power control are achieved
when such a compensator is applied to powsr system networks.

In fact, it has been stated?'?~? that several static comp en sa-~
tors incrporating saturated reactors, are now in service for
different purposesB—lo in various parts of the world. These
purposes range from stabil/stabilisation of long-distance tra-
nsmission 1inesq’5’6’8’10, voltage control at load apd generat-
ion point35’7, reduction of voltage flickerg, to increasing
capabilities of long AC 1in338'11.

Because of their relatively new applications, however,
these kinds of voltage stabilisers require more investigations
in order to achieve better design data and more practical opera=-
tion characteristice. The present investigation entails the
use of a computer program, especially developed by the authers,
to teke care for the non-linear characteristics of the compen-
sator under practical operating condltions.



B. Mapsoura Bulletin Uscember 1977. 133

2. Purpose of Btudy:

The purpose of this study is to investigate and evaluate
the influence of some practical factors on the performance, un=—
der steady-state operation, of the static compemsators employing
saturated reactors and series and shunt capacitors. These
factors are:

a) The change in system freguemcy, Af
b) The change in tap-position of the regulating transformer,an
¢) The change in the value of ambient temperature, AT

Both of the saturation reference voliage, Vs, and the slope
reactonce, X, will be affected by the change in system frequ-
ency. Affected also by the change in system frequency are the
transformer reactance, Xf, the reactances of the series and
the shunt capacitors, xéa and xé respectively. It as well as
other system parsmeters (e.g. V.) are also affected by the cha-
nge in transformer tapping. Only capacitive reactance values
are considered to be subjected to the change in ambient tempe-

rature, because of the nature of the dielectric.

The eguations to determine the exact effects are givem in
the nex. section.

3. Program Description:

The program used for this investigation is written and
developed in Fortran IV for the purpose of determining the per-
formance of static compensators emplcying saturated reactors,
under ncrmal ccnditions and under the conditions of frequency,
transformer tapping and temperature variations. The circuit
diagram upon which this program is designed, 1s shown in Pig{3).
It should be noticed that a resistive element has been added to
each branch so that, the power (watt) loss, if any, can easily
be represented for any branch. The magnetising impedance of
the saturated reactor ls also represented by a branch which is
connected in parallel with the slope impedance and the satura-
tion reference voltage of the reactor. Regulating transformer
taps are considered to be on the system (primary) side.
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Based on the previous remarks, the modified characteristiocs
of Fig. 4 have been used in the program to represent the saturated
reactor. In other words, no cosideration has been given to the
curveture at the knee or to any other curveture which may exist
along the actual saturation part of the characteristics. This
assumption 18 valid from the practical point of view because .the
curveture 1s usually made as amall as possible.

Fig.(5) shows a simplified flow-chart of the computer prog-
rem. The variations in frequency, temperature snd tranaformer
tapping are imposed on system parsmeters as follows;

a) Frequency variation

For the saturation referenoce woltage
v =V, (1+ Bbf/F)
fhew  Bo1a

For inductive eleménts
Liow = Tpna (1 + 21/1)

For capacitive elements

Low = Topq /(1 + 82/8)
where

f i: the system frequency in Hz,
Af/f 1g the p.u. change in system frequency, and
“"new" and "o0ld" subsoripts denote after and before the
change.

b) Temperature variation
Only capacitive elements are considered. Thus

Tow = %14/(1 + % T)
where '

% i1s the capacitive temperatum coefficient, per °c, and
AT is the change in Yemperature in °c.

L}

¢) Transformer-tapping variation
Assuning that the transformer p.u. turms-ratio is changed

from n: 1 to (n +an): 1. Then, with the voltege on the primary
slde held constant, the secondary voltage is given by

Vhew = Vo14 /(0 +4An)
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For resistive values

Rew = Bold /(n +an)®
For reactive values

= %14 /(n + An)

Por the combined effect cosider, as an exsuple, the voltage
V., &t the secondary busbar of the transformer, Fig. (3), and
neglecting the resistance wvalues, the voltage equation for a &K%
filter (i.e. Lp Cp = 0. 4) may be obtained as

X, g1+ 2£/12)
le{1le2-AT)(1+ & £/2)=0.4

V, = V(1 +a2/8)h I {Ia(l-r BL/2)+

for nominal tapping and Vt/(n +4An) for off-nominal tapping, where
I o i8 the current through the saturated reactor and Ios is numeri-
cally negative, as already pointed out.

' Having inoluded the various effects of variations, the pro-
gren formulates a Thevenin's equivalent oircuit for the seconda-
ryside circult and then computes the phase angle of vB 80 that
no active power is dissipated in the saturated reactor. The
program then proceeds to calculate the voltage at the different
busbars, the load flows in the various components, and prints
them out.

The progrem is provided by an option card which provide
the user with great flexibilty to Investigate the effect of
varying one or more variables, during the same run.

4, Results and Discussion:

Presented below are the nomlnal data values of the statio
compensator used in this investigation. These are actual values
for a atatic compensator produced by the G.E.0. Power Group of
Bngland. (Por the definition of symbols, refer to Fig. 3). The
compens&tor is located where the system voltage 1s assumed to
be 232 kV. PFor the compensgator main equipment:
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Saturation reference voltage Vs = 71.12 kV

X, = 3.85 /ph ( 0.0935 pou.)
X, =-36.65 .- /ph (=0.8902 p.u.)
7.47 .n-/ph (-0.181%4 p.u.)
X = 58.19 -n-/ph on primary side ( 0.11  peu.)

= 4,53 o./ph on secondary side ( 0.11 p.u.)

For the by-pass filter:

XCF ==18.67 -/ph (=0.454 p.u.)
&'F = 18.67 '-n-'/ph ( 00454' p.u.)
Rd = 6-54 -.-n—/ph ( 0.1587 p.u.)

Total slope reactance at compensator busbar = -=3.29 .2 /ph

= =0,08 p.u,
Total slope reactance at system busbar = 15.87 s»/ph
= 0003 Peu.

This means that voltage at system busbar changes ﬂetweon 1l p.u.
and 1.03 p.u. as the saturated reactor current changes between
0 and full load (about 260 MVAr). The p.u. valueg are based on
100 MVA base, 230 kV base for system side and, 64.17 kV base
for compensator side. )

Table (1) gives the results obtained under normal operat-
ing conditions, for different volt levels at the system busbar.

“When the sbove results are plotted on a V/I graph,Pig.(6)
results and shows that, for a voltage at the system less than
the nominal value (232 kV), reactive power is being tranafered
from the stabiliser to the system. The stabiliser acts as a
booster in this case, When the system busbar voltage is at the
nominal value, no reactive power is being exchanged between the
system and the stabiliser. The results show also that, reaotive
power is being absorbed by the stabiliser when the system volt-
age is of value above the nominal. This reactive power increa-

ses as the system voltage increases due to the 3% slope at the
Bystem busbar.
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The effect of changes in system frequensy, transformer
tapping and temperature has been investigated for a variety of
loading conditions. Results for load number (3), of Table (1),
are presented here in detail. For this study, a practical velue
ot -6x10~* per °C was assigned to thetemperature coefficient, .
4 frequency variation of + 0.1 Hz (C.2% on 50 Hz bases), per .
centage tap variation of -2% and a temperature variation of+45°C
have been examined. Those results due toaf = 0.1 Bz,An= -2%
and A T = =45 °C, together with the results obtained under nor-
mal conditions, are listed in Table (2) and are represented on
the V/I graphs of Fig. (7).

The results show that, for a oonstant voltage of 232 kV at
the system busbar the decrease in temperature by 45 °C results
in en increase in the voltage at compensator busbar from 64.73 kV
to 65.63 kV (l.e. 1l.4%). 8ystem absorbtion is increased from
0 to 12.92 KVAr. It was also found that a decrease of about l.X%
in compensator busbar voltage ogcurs when & T is an-~inorease of
45 °C. In thie case, the compensator equipment absorbed a reac-
tive power of about 12 MVAr, The results show also that, an
increase of 120.68 = 114.3 = 6.38 MVAr = 5.6% occurs in the shunt
capacitor loading when AT = -45 °C. FGhunt capacitor loading is

deoreased belowthat obtained under normal conditions when
A»T = 45 °G-

With the frequency increased by 0.1 Hz, a further increase
in compensator busbar voltage, as well as in system absorbtion,
occurs. In this case, it can be seen that the shunt oaspaocitor
loading has increased by a value of 122.44 - 114,20 = 8.12 MVAr
= 7.1% of its loading at normal operating conditions.

However, with a change of “0'25.in transformer tapping (in
addition to the changes of & f = Q.1 Hz and AT =.45°C) condtions
are reversed, where the voltage at the compensator busbar is
decreased to 62 kV and, consequently, a reactive power of 38,.85
MVAr is drawn from the gystem by the compensator components.
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Table (2)
Variable . Operating Conditions
antitios af-0 af=0,1 Hz|af=0,1 Hz
«V, A &Mvar | Pormal :;-:945 °c ﬁ%ic_’@ °c 222:25%%
v, 232 232 232 232
v, 64473 65.63 66,05 62
V. 77.92 77.43 | 77.26 78.8
Veg -13.19 | ~11.80 -11.21 ~16.8
v, (=V,) 64.73 | 65.63 66.05 | 62
Ip 0 ;32.16 -47,08 96.68
I, 0 -115.,26 | -168.74 | 346,51
1, 1019.51 U6 .4 901.52 | 1351,16
Ig(=I,) 1019.51 | 9u6.4 901.52 | 1351.16
Ic ~1019.51 | -1061.66 | -1070.26 |-1004.65
% 0 -12.92 -18.92 28.05
Q 0 213,10 | -19.31 | 3729
er 137.54 | 126.92 120.64 | 187.41
Ves -23.29 | -19.34 [ -17.50 | -39,3
Q. -114.30 -126.63 -122,44 | -107.89
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It should therefore be noted that the effect of tap change
1s more appreciable than those in frequengy or in temperature.
It can also be seen that a negative ohange in traneformer tapp-
ing will have an opposite effeot on ocompensator characteristics
to those caused by & positive change in frequency or a negative
change in temperature. A positive chang® in transformer tapp-
ing will, however, result in an increase in the loading of the
shunt capacitor.

The investigation has also shown that, for a change in
frequency between O.,1 Hz and -0O.1 Hz the saturation reference
voltage, V;, 18 chenged between 71.12 kV and 71 k¥(about +0.17%
of i1ts nominal value of 71.12 kV). Saturated reactor slope
reactance, xﬁ, will very between 3.86.A/ph and 3.842-/ph(+0.26%
of its pominal value). This will inversely affect the value of

current drawn by the reaotor and the series oapacitor.

With respect to the ourrent, and oosequently the reactive
power, in the series capacitor it oan be seen that these will
decrease as temperature 1s decreased or as the frequency is
increased. The effect of reduoing transformer tapping will
result in increasing both the current and the reactive power
in the series capacitor. The investigation has alsc shown that
geries capacitor current (or loading) is decreased as f is
increased or as T or n are decreased, and is increased as f is
decreased or 8s T or n are inoreased. (T is the ambient temper-
ature.)

Although only one operating condition has been presented
in detail, similar effects have been observed under other ope-
rating conditions. This can be expected,for the voltage profi-
les at both system and compensator busbars are linear.

5. Conclusions:

A program for determining the behaviour of a static com-
pensator employing saturated reactor and shunt capacitor, under
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normal conditions and under the conditions of frequency, trang~
former tapping and temperature variations, has been presented.
The results obtained show that, increaaing the frequency by a
small margin or decreasing the temperature by a large smount
will result in ‘increasing the system reactive power absorbtion
by an apprecidble value, 1f the system voltage is to remain
unaltered. Oppoaite effect on system absorbtion will result”
when the transformer tapping is reduced.

The effect on compensator characteristic due to the cha-
nge in transformer tapping i1s more pronounced than those effe~
" cts due to frequenocy or temperature variations, Moreover,
sppropriate change in traneformer fapping may result in cance-
ling out the effeots of both frequency snd temperature variat-
ions, Transformer tapping should,for this reason,be designed
in as fine steps as possible, '

If however no reégulating transformer is present (in which
cagse the compensator ia'directly oonnected toc the system) the
design rating of both shunt and series capacitors should be
adequately increased. 4 value of sbout 10% in both rating
would be reasonsble. Howsver, this warrant further investi-
gatlions. - T -
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