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PERFORMANCE OF STATIC COMPENSATORS
EMPLOYING SATURATED REACTORS AND SHUNT CAPACITORS

PART Il1: Harmonics produced by the compensator due to unbalances
in system voltage and shunt capacitor impedance.

BY

Dr. RQ_HQKQEI-DCHiQny
ABSTRACT:

The manufacturing of three-phase capacitor banks does not
always result in the capacitive reactance to be exactly the same
on all phases. Also, due to actual operating and loading condi-
tions of power systems, it is liable that unbalance occurs in the
voltage of the power system to which the compensator is connected.

Using experimental model, this paper investigates the values
of harmonics produced in the system current due to unbalances in
both system voltage and shunt capacitor impedance. The results
show that third harmonic currents are most pronounced in both

cases of unbalance. Harmonic filters are therefore necessary to
eliminate these harmonics.

le INTRODUCTIONS

In a previous papar(l). the effects on steady state pefor-
mance of the static compensator due to the variations in fre-
quency, transformer tapping, and ambient teperature were investi=-
gated. The investigation was carried out using a computer
program(l) developed for this purpose, The theory and operation
of the netvork stabilizer were also included,

Bartler static compensators have employed saturated reactors
of the single-phase type., The harmonic currents normally associ-
ated with this type of saturated reactor have led to the develop~-
ment of the Twin=Tripler type of polyphase saturated reactor(2),
This involves s5ix equal cores wound so that there is flux displa=-
cement of 30° between the cores to eliminate all odd harmonics
excluding eleventh and thirteen harmonics. This reactor arrange-
ment is outlined in Fig. (1). ‘

To completely eliminate all self-produced harmonicé. the
Treble=Tripler type of @.c. saturated reactors{3) was recently
introduced. This polyphase, multi-core, multi-winding saturated
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reactor has an extremely linear characteristic in the saturated
regions The harmonic currents are cancelled out internally in
this design by suitable choice of the flux phase-angle shifts
between cores and by appropriate design of the magnitude of tri-
ple harmonie currents flowing in secondary mesh circults. The
reactor therefore virtually gives harmonic free operation under
balanced conditions. (The basic principles of the Twin=Tripler
and Treble~Tripler types of a.,c. saturated reactor, are explained
in Ref.(4)). This type of reactor is, for this reason, known as
"harmonic-compensated saturated reactorn,

However, due to manufacturing errors, etc., the impedance
of each phase of the capacitor banks used with these network
stabilizers, for the supply of reactive power 5), are not exactly
the same and, thercfore, unbalance occurs in the impedance of
the shunt capacitor., Also, due to certain loading conditions,
8.2+ &n industrial loading, unbalance in the system voc]l tage occ=
urs. Both of these unbalances result in harmonics to be gene-
rated in the current flowing through compensator elements &and
consequently, harmonic currents will be in rgduced in the systen
current through the regulating transformer 1,

The paper presents and discusses the results obtained by
expermintal study aimed at evaluating the values of harmonic
currents in both system and compensator currents, due to the
unbalances mentioned above. The study 1is carried ocut using a
model of an a.c. transmission system equipped by static compen=-
saters, with saturated reactors and switched shunt capacitors,
distributed at approximately equal distances along the model
line. As a result of this work it is concluded that, of all
harmonics produced due to these umbalances, the third is the
most observable in both compensator and system currents and
therefore provision of harmonic filters is necessary for satis-
factory operation of the systeme

-

2. A.C, TRANSMISSION SYS1EIM MODEL:

The a.c, transmission systenm nodo1(6) uged in this study
is a three phase representation of a generating station, a transe
mission line, including its compensator devices, and an infinite
busbar load, as illustrated by Fige (2). The transmitted power
is supplied by a suitably controlled alternator driven by a d.c,
motor. The model rating of 250 kW is substantially higher than
that of conventional transient network &nalysers or micro-machine
systems. It has been chosen to permit good modelling of the
relatively low resistances of real lines and their compensation
devices, in order to permit an adequate assessment of the danmp-
ing of the transient and sub-harmonic oscillations. The labora-
tory mains supply &t 50 Hz acts as an infinite busbar, and
instrumentation and point-on-vave control features are included
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for fault application, switching and recording. The effective
transient reactance of the generator plus the generator trans-
former is adjustable by means of external meries inductances,

and so also is the total terminal impedance at the receliving
end of the line,

The complete 1ine representation is by 16 three-phase,
lumped line sections, together with earth return impedances,
and it can be used to represent transmission lines of varying
lengths up to 1550 km at 50 Hz (equivalent to 1290 km at 60 Hz).
Typically it is split into four line sections of approximately
equal lengths with three intermediate sub-stations as shown in
Fig. 2. The lumped impedances in each™ or T section can be
adjusted, but typically the values are chosen to give a surge
impedance impedance (2.) of 0.864 ohm and a surge impedance
power level (Ps) of 178 k¥ at line voltage (V) of 390 V(where

Ps =V /%c). One or two line sections can comprise two circuits
in parallel; one circult is proportioned to represent a single
¢ircuit and the other to represent one or more circuits in par-
allel on a real system. This arrangement can be used to repre-
sent the case of a fault on one line section (for example at F

in Fig., 2), which is cleared by tripping out a single circuit
which may be later reclosed if required,

Five harmonic-compensated mode) saturated reactors, of the
Treple-Tripler type are available for use as static compensators
in conjuction with slope=correction capacitors (which are cona-
ected in series with the saturated reactors, Fig. 2), and if
required switched shunt capacitors. Each reactor has a nopinal
rating of 100 kVAr and a saturated reference voltage level
of about 390 V which determines the base voltage used for the
line, The effective rating of sach componsator can be adjusted
in particular tests (e.g. down to 20 kVAr) by inclusion of an
adjustable series linear reactor which increases the basic slope
reactance including the step=up transformer reactance. Thae
slope=-correction capacitors are provided with adjustable bypass
damping circuits, for which the frequency response 1s given in
Figs, 3. Linear shunt reactors and series capacitor banks are
available for line compensation, whilst resistor banks are avai-
lable to simulate loads and brake resistors.

The flexible model, with its high power level, enables
studies to be made of phenomena which are difficult or impr-
actically expansive to investigate by digital computer ans-
lysis., The model is primarily intended to study line per-
formance with different compensation methods, and for this
purpose the generator model used is adequate,

For the present investigation, only one compensator is
used, namely the second from the left (Fig. 2), with its
rating adjusted to full nominal. The whole transmission line
length, hovever, is operated throughout the investigation.
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3+ Results and Discussions

Due to the unbalance in the shunt capacitor impedance,
one should expect harmonics to be generated in both the seco-
ndary and the primary voltages and currents of the step-down
transformer. It is found that, the most dominant harmonic
generated in all is the third harmonic. Figures & and § show
the maximum percentage values of harmonics generatsd in the
primary and the secondary currents, respectively, when plotted
against the percentage unbalance in the shunt capacitor reac-

ry
tance (= 10qg;%-). These percentage harmonioc values are

calculated with respect to the reactor current. 1t should
also be noted that, these results were obtained under normal
load conditions in the voltage controlling element{(7), i.e.
the current withdrawn from the supply is very small.

It can be seen from these figures that the percentage
vajue of the 3rd harmonic increases almost linearily with the
percentage unbalance in the shunt capacitor reactance, VWhere-
as higher order harmonics values remain roughly constant thr-
oughout., It can also be seen that, due to the presence of a
regulating transformer the values of harmonic currents are
smaller on the primary (system) side than on the secondary
(reactor) side of ‘the transformer. For example, an unbalance
in the shunt capacitor reactance of about 10% results in a
maximua 3rd harmonic value of about 6% in the primary caurrent
and of about 8% in the secondary currentj both vajues are tak-
en as percentage of the reactor current.

As far as the current of the saturated reactor is concer-
ned, the laboratory investigations showed that for 16% and
95.7% unbalance in the shunt capacitor impedance the maximums
unbalance in the reactor current (and consequently in the V.C,
E. current) ias found to be 10% and 4% respectively. The un-
balance in the VCE current is reduced 10 & maximum of 2% when
the unbalance in the shunt capacltor impedances is reduced to
6.26%. It can therefore be suggested that the unbalance in
the rating of the components of the VCE, due to unbalance in
the shunt capacitor impedance, may be in the range of 30% to
60% of the unbalance in the shunt capacitor impedance.
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Fig. 4 : Maximum harmonic values in primary current due

to unbalance in the shunt capacitor.
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Accordingly, & maximum unbalance of about 4.5% would occur in
the rating of the VCE components if the unbalance in the shunt
capacitor impaedance reaches 10%.

Figures 6 to 9 show the variation of the maximum percen-
tage values of harmonic currents with theo parcentage unbalance
in the primary voltage. Figs. 6 and 8 are obtained with the
shunt capaclitor out of service while Figs. 7 and 9 are obtained
with the shunt capacitor in service. All these curves are
obtained when the current in the VCE is equa) to its full-load
value. Also, the percentage harmonic values are calculated
with respect to the VCE (or reactor) current.

Again it can be Been that, while the values of higher order
harmonics remain more or less constant over the whole range of
voltage unbalance values, the value of the 3rd harmonio increa-
ses &lmost linearily as the voltage unbalance increases., The
percentage harmonic values are generally higher when the shunt
capacitor is in service. Under this condition, however, the
current through the step-~down transformer is almost negligible
since the VCE current is supplied by the shunt capacitor,

The curves show that, for a voltage unbalance value of
0.05% the maximum third harmonic current value when the shunt
capacitor is out of service is 3.5% for the primary current,
and 2.5% for the secondary current. The 3rd harmonic values
are seen to increase to 4.5% and 3.7%, respectively, when the
shunt capacitor is in service, When the voltage unbalance
increases to 2% the 3rd harmonic current values increase to
7% for the primary current, and to 5.,3% for the secondary cur-
rent when the shunt capacitor is out of service. These values
become 13% and 11.6% respeciively, when the capacitor is con-
nected, Here, again, the regulating transformer causes &
reduction in the harmonic valuas.

The conneotlion of filter arms in parallel with the shunt
capacitor, as seen in Fig. 10, nearly completely eliminated
harmonic currents, due to either unbalances, for both primary
and secondary currents of the regulating transformer. The
osciliograns of Fige. 11 are given as an illustration of the
harmonic currents flowing in both the 5th and the bhigh=-pass
filters, These harmonic currents are present because the
filters act ag & sink for harmonics from the system.

4L, Conclusions:

A laboratory a.c, transmission system is used to investia-
gate the harmonic contents in compensator and system currentis,
due to unbalances in both system voltage and compensator shunt
capacitor impedance, The investigation showed that, of a]l]



6.150. R, El=Dewieny

r) current

— % e e
iPeac Ly

-4

of r.m.=s.

P.C.

Harmonics,

{0

3rd H
— e e St H
- 7h H
1qth H

’

————— -———--o-——-————@--——— W e G W S S o = )

Q

- .- rom o o ——— v - I~ o) - " vem s 1w e}
- - -l - -t - - — — —0
r ¥ A L L} L L T | S— T LI L T
! 2 3

Unbalance in supply voltage, P,C. of its r.a.s. value.

Fig. 6 : Maximum harmonic values in primary current due to unbalance
in supply voltage . (i) Without shunt capacitor,



Mansoura Bulletin December 1978, 151

ZOT

/5]

10}

of rms valus of reactor current

P.C.

Harmonics,
N

_,-—-———_o_
— -

——— e
—— — - — * Sv—g— -~ * o :- - o iy
i T T T T 3- ¥ L A ] A L] d —
o / 2 3

Upbalance in supply voltags, P.Co of its ras value.

Fig. 7 1 Maximum harmonic value in primary current due to unbalance

in supply voltage. (i1) With shunt capacitor.



E«lD2 s R, El-DeWi‘ny

reactor} currant

dary(

rms vajlue ol secoun

of

Unbalance in supply voltage, P.C. of its rma value.

Fig. 8 : Maximum harmonic values in secondary current due to

unbalance in supply voltage. (1) Without shunt capacitor.



Mansoura Bulletin December 1978. 153

20 -

W 3"0’ H

— e o __ &tk H

of rms value of reactor current

.
& ]
[
a
-
n
o
ol
-]
o
-
e
o -3
n
ey )
—")

Unbalance im supply voltage, P.C. of its ras value.

Fig. 9 : Maximum harmonic values in secondary current due to

unbalance in supply voltage. (11} With shunt capacitor,



E.15+ R. Bl=Dewieny

Systen side

Regulating- -
transformer
— - Compensator
R B side
r T
l
| X3

N
FaY
4
N
FaN
NS
V.4
N

[}
f

L EEE

C—

High~-pass

Shunt 3rd 5th 7H,
capacitor . —m— 00
Harmonic Filters

r
i
!
i
!
|
|
i
!
{
I
I
t
L

Fig. 10 t The connection of filter armes

(a) Fifth harmonic filter (b) High-pass filter

Fig. 11 3 Harmonic currents in the filters



Mansoura Bulletin December 1978. 155

harmonics generated the 3rd is most dominant and increases

in value as the percentage values of unbalances are ilncreased.
Higher harmonics, however, remaln nearly constant in value
with the increase iIn the unbalance values. This is true for
both types of unbalances.

Although the regulating transformer is seen to cause a
decreasing effect upon the harmonic contents in both cases of
unbalances, this effect is far from enough, The reduction is
caused only on the side opposite to that on which the unbal=
ance exists, Harmonic filter arms are therefore necessary
for satisfactory operation ¢f the system.
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