125 ]

STATIC VAR COMPENSATORS

Prepared by

Working Group 38-01
Task Force No. 2 on SVC

Edited by

|.A. ERINMEZ
Chairman, Task Force No. 2

1986

@orpre



CIGRE WG38-01 TASK FORCE No.2

ON STATIC VAR QOMPENSATORS

LIST OF CONTRIBUTING MEMBERS

Dr. M. Gavrilovic
JREQ - Canada

Dr. L. Gyugyi
Westinghouse, USA

Mr. B. Pasternack
AEP - USA

Mr. F, McGranaghan
McGraw-Edison, USA

Dr. R.H. Lasseter
Un. of Wisconsin, USA

Mr. H.B. Norman
ESOOM - S. Africa

Dr. H. Suzuki
Mitsubishi - Japan

Mr., J.F. Christensen
Elkraft - Denmark

Mr. J.Y. Leost
E de F ~ France

Mr, C. Campagnion
CGEE Alsthom - France

Dr. I.A. Erinmez, Chairman
CEGB - United Kingdam

Mr. W.B. Jervis, Secretary
CEGB - United Kingdom

Prof. Dr. K, Reichert
ETH - Switzerland

Mr. P, Meringdal
NVE - Norway

Mr. K. Olsen
NVE - Norway

Mr. H. Frank
‘ASEA - Sweden

Mr. K. Engberyg
ASEA - Sweden

Mr. G. Testi
CESI - Italy

Mr. G. Nicola
ENEL - Ttaly

Dr. H.L. Thanawala
GEC - United Kingdom

Dr. L. Petry
University of Siegen -
and ARG Telefunken,
West Germany

The Contributing Members acknowledge additional contributions

received from:

- Dr.Ing. D. Povh

- Dr.Ing. H. Peters)

Siemens, W.Germany

- Dipl.Ing. O. Gebhardt, ARG Telefunken, W.Germany

- Mr. I.A. Whyte,

Westinghouse,

- Dr. C.A,0. Peixoto, Furnas, Brazil (representing CIGRE SC14)

- Mr. P.V. Goosen,

ESOOM, Scuth Africa



Gorgre

Conférence Internationale des Grands Réseaux Electriques a Haute Tension

International Conference on Large High Voltage Electric Systems

STATIC VAR COMPENSATORS

Prepared by
Working Group 38-01; Task Force No. 2 on Static Var Compensators

Edited by

Dr ILA. ERINMEZ
Chairman of Task Force No. 2

Book presented at the request of Chairman of Study Committee 38
Dr H. ELLIS

and Chairman of Working Group 38-01
Mr. T. JOHANSSON

INTRODUCTION

The rapid developments of semiconducter devices and
contrel techniques within the last two decades have
enabled the development of controllable shumt reac-
tive compensation devices with rapid response for
electric power system applications. In recognition
of the potential applications and the impact of such
a flexible system design tool on future electric po-
wer systems CIGEE Study Committe 31, in September
1980, decided to form and ™Ad Hoo Task Force on Sta-
tic Var Compensators™ as part of Working Group 31-01
activities. This task force was to review the Pro-
gress on the subject slnce the last published CIGEE
work on modelling such devices in 1577 and carry out
an International Survey of operational experience
with such devices so that necessary guicdelines for
future applications could be Prepared.

Following nominations of experts from utilities, ma-
nufacturers, research organisations and universities,
the terms of reference of the Task Force were establi-
shed, and work commenced in December 1981. The Task
Force members agreed that the relevant information
existed in part in a wide variety of published papers
and in part in the experience gained through practical
schemes. The terms of reference were established as
the provision of practical guidance in the form of a
single report covering applications, functional spe-
cification, modelling, operational experience as well
as the terms and definitions associated with static
‘var compensators in electric power systens. The terms
of reference excluded applications associated with
EVDC transmission and industrial load compensation as
these Were covered by other CIGKE Study Committees.
Following the September 1982 CICRE re-organisation,
the task force was requested to continue its work as
"Task Force No.2. on Static Var Compensators” atta-
ched to CIGRE Working Group 38-01. This book is the
result of the Task Force work on the subject.

During the course of its work, the task forece held
some eight full and four sub-group meetings. Hapid
Progress was ensured hy assigning tasks to sub-groups
of gpecialists. Barly discussions indicated the need
for provision of guidance on testing of static var
compensators as there was no single international
standard covering such tests. This guidance, based
upon experience obtained with installations to the
Present date, has been added.

In order to survey the international experience gai-
ned from operating such devices, a questionnaire was
circulated in August 1983. Information on each parti-
cular application and operational eXperience was re-
quested for both currently operational installations
and those being planned or on order. The detailed re-
DPlies received from some 25 utilities on 73 indivi-
dual installations up to 1985 are gratefully acknow-
ledged and summarised in this book.

The subject matter of the report is covered in nine
chapters including a glossary of terms and definitions
The bitliography is the result of team work as each
expert has contributed as required and agreed. A list
of the contributing task force members is included in
these pages.

As Chairman it fell tc me to bring together the pro-
diglous efforts of the contributing experts and edit
the report. I would like to take this opportunity to
thank the contributing Task Force Mmembers, whose time
is in much demand by their own as well as internatio-
nal organisations, for their continued strong support
during the course of this work. The continued support
of their organisations and my own orgahisation is al-
so gratefully acknowledged. Special thanks are due to
Professor Dr. K. Reichert in bringing together the
material on power system studies, SVC modelling and
specification., My thanks are also due to the task
force Secretary, Mr. W.B. Jervis, for his patient
help and sense of humour which helped to resolve many
problems. The efforts of Mrs J. Snell, Mrs L. Baker,
Mrs T. Brooke and Mrs A. Dudley in typing the manus-
cript are also gratefully acknowledged, together with
the efforts of Mr. G. Dallimore in organising the dla-
grams and general preparation. It is the hope of all
contributors that the report will be of practical va-
lue to practising utility engineers.

T.A., ERINMEZ
Chairman
September 1985
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CHAFTER L
AFPLICATION Of STATIC VAR COMPENSATORS TO ELECTHIC POWER SYSTEMS

1.1 INTRODUCTION

This Chapter briefly describes the application of
static var compensators (SV{s) as the solution to a
nunber of problems encountered in power systems. The
chabter is not intended as a full treatise of the
subject which is further discussed in detail in the
references provided. Industrial applications such as
power factor correcticn and flicker reduction have
not been included as they are beyond the terms of
reference of thls book.

Static var compensaters {SV(s) are shunt connected
static generators and/or absorbers of reactive power
{(volt ampere reactive or var) whose outputs are va-
ried so as to maintain or control specific parameters
of the electrical power system. The term 'static"” is
used to indicate that SVCs unlike synchronocus compen=~
sators have no meving or rotating main components.
Thus, the SVCs consist of static var generator and/or
absorber device(s) (SVG), capable of drawing capaci-
tive and/or inductive current from an electrical po-
wer system, and a suitable control device, as illus-
trated in fig. 1.1. & static var system (SV¥S) is then
defined .as a combination of different static and me-

chanically switched var compensators whose outputs are

co-crdinated. Finally, a var compensating system
(VCS} is defined as a combination of both static var
systems and retating var compensators whose cutputs
are co-ordinated. These definitions will bte utilised
throughout this report.
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Fig. 1.1 Diagram illustrating the definition of sta-
tic var compensator and its relationship with
other reactive compensation devices

4 typical voltage~current characteristic of an SVC is
shown in fig. 1.2a. The SVC by absorbing or generating
reactive power within its working range is able to

maintain virtually constant woltage. This characteris-
tic behaviour is equivalent to an ideal system voltage

source (U__ ) belng in phase with the system voltage
(U) at the point of connection, or a voltage
controlled shunt susceptance (B} at the same point
as shown in figs. L1.2b and 1.2¢., The SVC is thus si-
milar to a synchronous compensator except that it
has no mechanical inertla and its speed of response
is much faster.

Throughout this report the 5VC is treated like a load;
with positive reactive power (G}0) indicating that
the 5VC is behaving like an inductor and negative re-
active power (Q40) indicating that SVC is behaving
like a capacitor. This means that SVC is modelled ar
a load susceptance, i.e. B = -0Q/U% is negative for a~
inductor and positive for a capacitor.

Voltage

Isve

Hl

Igve
Operating current
 range ] ()
Capacitive inductive

ta)

Fig. 1.2 Typical steady-state voliage current charac-
teristic of SVC and its equivalent represen-
tation

Static var compensators (SY¥Cs) with particular cha-
racteristics and control are applied to power systems
to solve a variety of problems, namely :

a} to mchieve effective voltage control

b) 1to tmlance loading of individual phases
(i.e., asymmetrical lcads)

c) to increase active power transfer capacity of
both existing and new transmission systems

d) +to increase transient stability margin

e} to increase damping of power oscillations

f) to reduce temporary overvoltages

g) to damp subsynchroncus oscillations

h}) to provide reactive power to AC-DC converters.

In some of these applications, in order te achieve
the desired control, the reactive power can be varied
slowly so that mechanical switching of shunt reactors
and capacitors is satisfactory, while in others fast
variation is required which can be achieved by static
var compensators.

1.2 YOLTAGE CONTROL

In power systems with a low short-circuit fault MVA
level or with long transmission lines (i.e. weak sys-
tems), the voltage is significantly affected by load
variations as well as by switching of system elements
such as transmission lines, reactors, capacitor banks
and transformers. Under heavy loads, the voltage will
drop considerably or even collapse (refs 289, 333).
This may cause operation of undervoltage relays and/
or voltage sensitive contrels leading to extensive
disconnection of loads and thus adversely affecting
the consumers. However, when the load is light, over-
voltages can arise owing to the Ferranti effect on
unloaded lines, capacitive overcompensation of the
system, and temporary overexcitation of synchronous
rachines. Overvoltages cause transformer saturation,
which results in excessive hammonic generation, har-

Slope reactance



monic resonances and, possibly, ferrcrescnance with
capacitor banks, transmission lines or cables. This
could cause multiple operations of surge arresters
and, possibly, their destruction, hammonic heating
of capaclitors and motors, as well as damage to con-
sumers equipment.

Voltage variation at the recelving end of a weak po-
wer system as a function of the system loading can
be modelled by a simple system shown in fig. 1.3,
where E is the system equivalent EMF and Xe is the
equivalent system reactance inversely proporticnal
to short-circuit fault MVA infeed (i.e. system
strength) at the busbar.

POW R SYSTEM

EQUIVALENT o ___
(1Xg} H
'
~J O
~
I ~~. P.Q
o
-
g 4
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'
i
—

Fig. 1.3 System and SVC equivalent for load voltage
control

From classical theory, the voltage at the load bus-
bar of such a system will tend to collapse for in-
creasing amounts of power demanded by the load 1f no
reactive conpensation is applied as shown in curve
{a) of fig. 1.4, Provision of an SVC at the load
polnt will,within its rated range, maintain the load
voliage within design rating limits as shown 1n cur-
ve (b} of fig. 1.4, 1If, however, the SVC has unlimi-
ted rating as showm in curve (cs of fig. 1.4 then it
is of course possible to hold constant voltage at
the load busbar for any lead condition.

For talancing asymmetrical, continually varying loads
such as are furnaces, rallways, etc., a static Var
compensator with individual control of its phase-to-
phase reactive components is the only pmetiecal so-
lution.

If the phase-to-phase load admitta.nces at a particu-

lar instant are (Ga + ] Bab . (G +jB ). and

(Gca. + 3 Bea.)' according to the complex power rela-

tionship P - j @ = U2 {G + j B), then the pha.se-to-
phase reactive shunt compensation susceptances B
B. and B required for load balancing are given

b}l? the foﬂowing expressions (see fig. 1. 5a) @

BC ab = - Bab + (Gca - Gbc)/ﬁ
C
B bc=—13bc+ (Gab—Gca)/ﬁ
C
B ™ Bt 6 -G T
where the temms -B -8B and -B in the above equa-

ab?! bec
tions provide the load reactive compensation and the
terns (Gca be Y /3, (Ga -G )/ /3 and (cbc

Ga.h)/ V3 provide the balancing of the active power

loads among the Phases. The resultant phase-io-phase
loading (fig. 1.5) is equal to :

= (Gab * G‘nc * Gca)/'@-

as shown in fig. 1.5b. If, for example, the load is
single phase active power load across phases a and

b (1.e. Coe = Geg = O Bab=Bbc=Bca=O) then we
have :

c _ c _ .C _ .

Blap = 0 and By = B, = Gay/ 3

which means that the application of an equally sized
capacitor between phases b and ¢ and reactor between

phases a and ¢ will be necessary for balancing this
Voltage 1 .
g With SVC of single phase lcad
U infinite rating
{c) u,
{a) GabtiBap
Without SVC Upe—— G atiBog =
{b) Gpctibpe

With SVC of v,
limited rating

L 1 L L 1 1 L
Power P —™

Flg. 1.4 Voltage varistion at a load busbar as a
function of loading at constant lagging po-
wer factor, with and without SVC

1.3 LOAD BALANCING

Asymmetrical or single phase loads may affect volta-
ges especlally in weak systems, causing voltage asym-
metry and overloading of system components as well
as generation of additional losses in rotating ma-
chinery. By adding appropriate reactive shunt compo-
nents, the following objectives could be achieved
(ref. 130, 289, 333

=« balancing of load and voltages
- power factor correction

LOAD EQUIVALENT

(b

Fig. 1.5 Load btalancing and power factor correction
to unity

After the belancing is achieved in the above manner
additional symmetrical susceptance can be applied
across each phase pair of the SYC to provide power
factor correction different from unity or to control
the load voltage within cloger limits.

1.4 POWER TRANSFER CAPACITY INCREASE

The transmission capacity of a power system is gene-
rally limited by the operating voltages and the trans-
fer reactance across the system. For an interconnec-
ted transmission system modelled by a single machine
against infinite bus equivalent, the power is given by
the expression :




e
P . ' P o=
-5 = sind m X
m
where
E  the magnitude of the sending-end machine inter-
nal voltage and infinite bus voltage
X the equivalent interconnecting reactance imciu-
ding the machine, transformer leakage, trans-
mission line and equivalent system reactances
P the active power transfer
%m i1s the maximum active power transfer
&  the power angle between the sending and recei-

ving end machline internal voltages.

Maximum steady~state active pover transmission, Ph

E®/X , 1s achieved at & = 90°, which represents the
theoretical steacy-state stability limit.

SVCs applied at locatlons aleng a transmission system
Will tend to increase the power transfer capacity by
virtue of the voliage support provided by the SVC at
the point of connection. When an SVC of infinite ra-
ting is applied at the middle of the interconnecting
reactance, then the power transfer capaclity is modis~
fled as follows (see fig. 1.6) assuming U = E ;

—;— = 2 gin
n
which means that the theoretical steady-state stabi-
lity limit is now achieved at & = 180°, and the maxi-
num active power transfer is doubled.

2

Under maximum active power transfer operation, the
SVC rating nax reduired for steady-state stabili-
ty is equivalent™tc four times the maximum active po-
wer transfer, that is (4P ). In practice a lower le-
vel of compensation is usﬂally adopted for economic
reasons. If a compensator with limited capacity is
operated above its rating it acts as a constant shunt
susceptance, which means that the midpoint voltage
can no longer be kept constant at the value E, In this
case the active power transfer reduces to a level gl-
ven by the expression :

i

P
- = sind
m 1 - qC
LF
m
2.0
PP, | SVC with unlimited
1.8¢ capacitive rating
| le- Q=4 P
18 ie Uc:ac max
T4t +— —~—1 SVC with
capacilive rating
1.2F limited 1o
Q.=2P

1 0 | c m

[0F-] of

osl - - 4— Without 5VC

E X2 U X/2 E
POWER
o4l
4 e Q. SYSTEM
.21 sSve
00 L L L L I L L
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Power angle § (degrees)

Fig. 1.6 Power transfer characteristics of a trans-—
misslon system, with and without SVC

The power transfer characteristics of the transmis—
sion system as a function of the power angle with
and without an SVC at the middle of the interconnec—

ting reactance are given in fig. 1.6.

The power transfer capacity increase obtainable for
a particular system with SVCs connected at strategic
locations can be determined by load flow studies.

1.5 TRANSIENT STABILITY IMPROVEMENT

In order for the power system to remain stable, even
after large disturbances due to faults cleared by
protective switching, power iransfer over the systen
rust remain sufficiently below the steady-state sta-
bility 1imit. The maximum power level for which tran-
sient stability is maintained under a particular
system operating condition is known as the transient
stability limit. For a simple power system shown in
fig. 1.7, a prefault power transfer of P; is assumed.
During the fault, the system power transfer capabtli-
ty drops from a Drefault level represented by curve

1 to that of curve 2. Since the mechanical input re-
malns constant, the generator will accelerate until
the fault is cleared at rotor angle bc by switching
the faulty line out of service enabling the power
transfer to recover, albeit to a reduced level re-
presented by curve 3 {refs 261, 289). This accelera-
ting energy is represented by area A{. The rotor
continues its swing due to the accumulated kinetic
energy but now decelerates, since the transmitted
power is forced to exceed the prime mover input.

The maximum value of rotor angle is reached when the
decelerating energy, as defined by area A, is equal
to the accelerating energy defined by area Aj.

if for the

iven post-fault system the maximum rotor
angle (& reached is below the critical rotor an-
gle (Q the system will remain transiently sta-
ble, Tﬁg critical rotor angle represents the rotor
angular swing beyond which rotor deceleration cannot
be maintained. As long as b is smaller than & _,
decelerating energy is avalT8fle to restore the
rotor to a steady-state condition. This allows some
margin for the system to cope with further variations
of system operating conditions or more severe distur
bances.

When the SVC is applied at a central location, the
power transmission carability increases as shown in
fig. 1.7¢c. For the same power transfer level, a lar-
ger decelerating energy is available thus increasing
the transient stability margin.

In some applications the voltage reference is automa-
tically adjusted such that under steady-state condi-
tions the compensator output will be zZero or at a
Preset operating value. This enables sufficient com-
Pensation within the full rated range of the compen-
sator to be available for voltage support in the
Post-fault period to increase the transient stabili-
iy margin,

X¢ xX¢
GENERATOR X~ BO— X XX X, POWER
@_+_§ SYSTEM
= % X¢ Xy {INFINITE BUS)
E. Xy T x-—ﬁzif—-x T
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Fig. 1.7 Improvement in system transient stability
margin with an SVC

1.6 IMPROVEMENT OF SYSTEM DAMPING

In electric power systems large disturbances caused
by system faults, load rejection or critical acci-
dental switching are relatively infrequent while
small disturbances arise frequently &s a result of
noxmal load variations and switching operations.
Such dlsturbances cause electro-mechanical oscilla-
tions which are generally damped by generator rotor
damper circuits and power system stabllisers asso-
ciated with generator excitation controls. However,
undamped power oscillations which could result in
sustained voltage and power swings and even in loss
of synchronism between generators, can arise follo-
wing a small disturbance, when either :

(1) power iransfer capability defined by the
transfer impedance(s) of the systems;

or
generator excitation contrel, governor control
and system load characteristics, either indi-
vidually or in combination, are such that ne-
gative damping and/or reduction of synchroni-

(11)

sing torque occurs.

The damplng of such oscillations is a functlon of
transmission system design, generator excitation con-
trol, generator design and sysiem load characterls-
tics. However, by providing continuously contrelled
fast response reactive compensatlon in the form of
an SVC, it is possible to improve system damping per-
formance by including relevant signals in the Sve
control system (refs. 173, 332}. Flg. 1.8 illustrates
the damping improvement obtained by an SVC applied to
a large power system (ref. 332).
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Fig. 1.8 Illustration of system damping improvement
by an SVC in a large poWer sysiem, the sys-
tem voltage and power resporise to a line
switching disturbance

1.7 SUBSYNCHRONOUS RESONANCE DAMPING

When serles capacitors are used to compensate the se-
ries inductance of long transmlssion lines, a phenome-
non known as subsynchronous resonance (S8R} can occur
{ref. 185). The phenomenon occurs when the serles ca-
pacitors resonate with the equivalent inductance of
the generator and transmission line at a frequency
lower than the system nominal frequency. Under such
resonance conditions, the mechanical impedance of the
generator shaft system may exhibit negative damping
for a particular torsional mode. As a result, torsio-
nal oscillations will spontaneously arlse and conti-
nue to increase in amplitude until the generator shaft
system is destroyed. The application of an SVC for
damping subsynchronous resfhance by incorporating sul-
tgb:)Le controls is 3llustrated in fig. 1.9 (ref. 264,
265).

Mode 1
24 3Hz
Speed
Deviation
(%)

-2}

1
SVC | |
MVAr [+]
Output 0

H

[
30 Sec.

a. Series capacitor
switching

— Time

b. Line apening
with SVC

Fig. 1.9 Illustration of system switching leading to
self-excited subsynchronous osclllations and
damping performance improvement obtalned by
SvC
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1.8. HEACTIVE COMPENSATION OF AC-DC CONVERTERS AND
HVIC LINKS

Due tc their inherent characteristics, AC-IC conver-
ters consume reactive power which is typically 60%
of their active power independent of thelr mode of
operation. luring AC and/or DC system disturbances,
large transient variations in this reactive power
demand can be experienced depending upon the system
equivalent reactance and converter contrels. Such
large reactive power variations can cause substan-
tial dynamic or temporary changes in the AC system
voliage, especially when the equivalent AC system
im}:oj-danCe at the converter bustar is high {refs 196,
3247,

Due to their inherent high speed of response, SVCs
with adequate reactive power generation and absorp-
tion capability, represent an effective method in
controlling such disturbances. The installation of
an SVC as part of the converter complex would enable:

- betier control of AC voliage by reducing the effect
of reactive power variations due to changes in con-
verter demand and/or switching of filter banks

~ reduce the dynamic and temporary overvoliages due
to converter blocking

- assist in the recovery of the AC system from faults

References (278, 309, 33, 368, 379 and 380) comtain
relevant information on applications of SVCs for HVYDC
link compensation purposes.

30
fault POWER
SYSTEM

o]

3 B

aa
{a] Receiving end bushar fault level S¢ to d.c. Wink power ratio =2

Prefault power level [Py

P [3

. " n

(4] 1 2 3 time (s)

{b} Power recovery following fault clearance with SVC and
synchronous compansator

Prefault power leval (Pot
L

o 1 2
(€} Power recovery following fault clearance, synchronaus
compensator only

3 time (s}

Fig. 1.10 Comparison of SVC and synchronous compensa—
tor performance on HVIC transmission system

Fig. 1,10 illustrates the application of an SVC to an
HVIC transmission shceme feeding power to a weak po-
wer system (characterised by a large impedance or low
short-circult fault MVA level) at the inverter bus-
bar. Power transmitted across the HVDC link can be
more guickly restored following an AC system fault if
the speed of response of the SVC is combined with the
ability of the synchronous compensator to increase
the short-circuit fault level.

1.9 REDUCTICON OF TEMPORARY AND LINE ENERGTSATION
OVERYOLTACES

Temporary overvoltages at load rejection arise as a
result of the interaction between line inductance
and capacitance {Ferranti effect), capacitive over-
compensation, temporary overexcitation and overspeed
of synchronous machines. In addition to imposing vol-
tage stresses in general, these overveltages can
cause undesired operation of surge arresters. SVCs
with appropriate overload capability in the reactive
Dower absorption range, can contribute to fast vol-
tage reduction as 1llustrated in fig, 1.11 (ref. 290),
The surge arrester operation obtaimable with and
without an SVC is illustrated in fig. 1.12 (refs 224,
2%, 299).

Voltage §
Ulpy | _
2001
175
{a) Without SVC
1560
1.25 {b} With 5VC
1.00
0.00 L —1_

1
oo 05 1.0
Time {seconds)

Fig. 1.11 An illustration of load rejection over—
voltage reduction by an SVC

Busbar voltage{pu)
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Arrester current (kA)
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200
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“100 150
(a) Withaut SVC

Busbar voltage {pu)

LS A

[T T T T AR T

-2.0
Arrester current (kA)
__||-;[|||-|||r|‘r|u|[|-r—:
3.0F N :
-1.0¢ | E
- T T IV I e
0% 50 100 150 200
time (msec)
{b) With SVC

Fig. 1.12 I1lustration of the effect of SVC in redu-
cing load rejection overvoltages and unde-
sirable multiple surge arrester operation
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In power systems the reactive power generated by
transmission lines and cables is utilised for effec-
tive voltage regulation during heavy power flows.
However, under light load or line charging conditions
excessive voliage rises can occur if the reactive
power generated by the lines and cables is not ef-
fectively absorbed. In some applications, especially
in systems with long tranzuission lines and/or ca-
bles, the utilisation of a circuit breaker switched
shunt reactor is not found satisfactory (ref. 284).
In these cases an SVC in the form of a controlled
shunt reactor is utilised to limit the irmnsient
voltage riges within acceptable limits. The line
energisation voltages measured at the recelving end
of the transmission line/cable, with an SVC at the
recelving end in service, are shown in fig. 1.13

\/\.

Energisation with SVC at busbar fault level $,= 3000MVA

1,0 pu

10
ms

1,162 pu

10
ms

Energisation without SVC at busbar fault level 5,= 3000MVA

Fig. 1.13 Illustration of transmission line/cable
energising voltages measured at the recel-
ving end with and without an SVC in service

1.10 SUMMARY

Static var compensators are applied to power systems
to perform a variety of functions. Through thelir abi-
lity to offer continuous and fast reactive power con-
trol economically, they are being increasingly utili-
sed in applications other than the traditional system
voltage control such as increasing the power trans-
fer capabllity of existing transmisslon systens,
increasing the system translent stability margln,
providing additional damping for small disturbances,
and for providing dynamlic reactive power compensa-
tion to AC-DC converters in IC transmission and in-
terconnection systems. In addition, SVCs are applied
to balance phase loading, to damp subsynchronous reso-
nance and to reduce temporary overvoltages.

The applications of SVCs to power system problems
are summarised in Table 1.1, SVCs have proved an eco-
nomical and efficient means of providing dynamic
reactive power compensation of power systems esta~
blishing them as a powerful system design tool in
alleviating problems and enhancing system steady-
state and dynamic performance.

Table 1.1 : SVC Functions - VS - Problems in power systems

SYSTEM T REACTIVE
PROBLEM ; ToMpoRay | INSUFFICIENT | INSUFEICIENT | yyeipprermer SUB- COMPENSATION
VOLTAGE LOAD POWER TRANSLENT
1 ovER- SYSTEM SYNCHRONDUS | OF AC-DC
nsTRBILITY | wmALANCE | (S | TRANSPER STABILLTY e ot

SV CAPACLTY MARGIN a
FUNCTION STATICH
VOLTAGE
CONTFOL, X X X X X X X X
w0 X
BALANC NG
REACTLVE X X X X
COMPENSATION
POWER
CECILLATION X X
DAMPING
suB-
SYNCHROMOUS X
RESCNANCE
DAMPING
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CHAPTER 2

STATIC VAR COMPENSATOR TYPES AND BASIC CHARACTERISTICS

2.1 INTRODUCTION

Contrelled reactive compensation in electric power
systems is presently achieved with a variety of
shunt devices which can be categeorised as follows
(fig. 2.1) :

- Synchronous Condensers (rotating machines)
- Static Var Compensators (SVC) with
1. stepwise, active control : mechanically swit-
ched capacitors and reactors (MSC and MSR)
2. ((:on‘l):inuous. inherent control : saturated reactors
SR
J. continuous active control : thyristor controli-
led reactors {TCR}, self or line-commutated con -
vertors{SCC or LCC)
4. discontinuous active control : thyristor swite
ched capacitors {TSC) or thyristor switched re-

actors(TSR).
AR

T
| |
MSC MSH SR SR+ FC  TCR  TSC  SCC/LCC

Fig.2.i Shunt devices for controlled reactive com-
pensation

The abovementioned devices can be used alone or in
any combination, Some of these devices are suitable
for constant or slow-varying compensation only, while
others allow fast varlation of the reactive power or
shunt susceptance as required by the particular power
system application.

The following survey deals with static var compensa-
tion devices (8VCs) with inherent or active control.
Information is given on the basic structure of the
8VCs, detailing their output and control characte-
rigtics, harmonic performance, loss characteristics,
overvoltage performance and special features. A com=-
parison of the devices iz given in a tabular form
together with information on typical applications.

T 4 Voltage U

U

_________ —% Urated

e

—

Current Ic rated

Fig. 2.2 Output characteristic of switched capacitors

2.2 MECHANICALLY SWITCHLED CAPACITORS (MSC)

The basic scheme typically consists of a single ca-
pacitor unit or a bank or capacitor units connected
to the power system by a circuit breaker either di-
rectly or via a transformer. A small reactor might
be connected in series:with the capacitors to damp
energising transients and to reduce hamonics. Pre-
strike and restrike-free circult breakers have to be
used to avoid system overvoltages due to capacitor
switching transients.

The output characteristic (U-I) is linear, defined
by the rated values of the voltage and current
(Urated’ Irated) as shown in fig. 2.2.

The response time is equal to the switching time gi~
ven by the circult breaker arrangement which is in
the order of 100 ms following the initiation of an
operating instruction. Frequent swltching is not pos-
sible unless discharge devices are provided. Normal
switching frequency is 2 to 4 times/day with the ca-
pacitors connected under heavy system load and dis-
connected under light system load conditions.

Harmonics from the power system may provide additio-
nal load {current and voltage stress) to the capaci-
tor depending on the system.

Losses are quite low and are typically ©.02 - 0.05%
of the nominal MVA rating.

Shunt capacitors are sensitive to overvoltages and
overcurrents. Appropriate protection in the form of
unbalance, overvoltage and overcurrent protection is
typically required. Typical applications of mechani-
cally switched shunt capacitors are :

~ voltage support in weak systems
- power factor correctlion
« HVDC link compensation

Because of the linear voltage versus current charac-
teristie, the output of shunt capacitors during sys-
tem disturbances is most unfavourable, as their reac-
tive output is proportional to the square of the vol-
tage glving much reduced reactive power output at a
reduced voltage. If used in an appropriate combina-
tion with other devices, such as TCRs, this obstacle
can be largely overcome by installing more shunt ca-
pacitors.

{2 .

TCq “TCx TEC3 4 Voltage

c1+cz+c3%—-—

|
|
I
|
|
I l"ll—'

Current (11 +12 +13) (11 +Iz)
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Shunt capacitors in use, range in size from a few
KVar at low voliage in one unit to a btank of units
rated hundreds of MVar at EHV applications.

2.3 MECHANICALLY SWITCHED REACTORS (MSR)

The basic scheme typlecally consists of a shunt reac-
tor connected by a circult breaker or a disconnect
switch to a transmission line, a busbar or a trans-
former tertiary winding. Reactors for high voliage
applications are built like transformers in single
or three-phase units, either with air-gaps in the
iron cores or with shrouded iron coil designs to
achieve a linear voltage versus current characte-
ristic (i.e., constant reactance). For low voltage
applications air-cored reactors (colls) are prefer-
red. Circuit breakers used for switching the reac-
tors may need to be equipped with opening resistors
and should not chop the current. The reactor may
have to be protected by surge arresters against
overvoltages due to possible current chopping.

The output characteristic (U-1) is linear in the
operating range and will deviate from linearity for
i1ron-core or shrouded iron reactors due to satura-
tion as shown in fig. 2.3.

Voltage § ——

2]

Urated g— o o o m

{1} air-cored reactors

(2} iron-cored or
shrouded iron
reactors

_{'u'u'u\_

—

L rated Current 1

Fig. 2.3 Output characterlstic of shunt reactors

The response time is equal to the switching time gi-
ven by circult breaker arrangement and will be in
the order of 100 ms following the initiation of an
operating lnstruction.

Harmonlcs are not produced in the normal cperating
range. However, the reactor current will be distor-
ted in the saturation range at higher than nominal
voltages.

Losses are low and are typically 0.2 - O.4% of nomi-
nal MVA rating.

Shunt reactors are not sensitive to overvoliages and
currents. They are usually able to operate under
such conditions for a limited pericd of time.

Typical applications of mechanically switched shunt
reactors are :

- compengation of long transmission lines and/or
cabtlee for voltage control (e.g. switching and
load rejection overvoltages}

- compensation of capacitlve shunt susceptance of
transmission lines and/or cables

- voltage and reactive power control in urban power
systems with underground cables.

Shunt reactors in use range from a few MVar in HV to
hundreds of MVar at EHVY applications.

2.4 SATURATED REACTOR COMPENSATOR (SH)

The hasic element of a SR is a magnetic core with a
strongfy non-linear magnetic characteristic U-I as
shown in fig. 2.ke.

Assuming a slnusoidal current (i) flows in the win-
ding large enough to saturate the core (see fig. 2.41),
the resulting flux (f) has a trapezoidal waveform.

The induced voltage u = N d §/dt consists of impul-
ses whose magnitude @, width Tand the peak magnitude
{iy of their fundamental frequency component uj are
given by the following expressions for T << T:

G=2.N.®S/T

© = AT/ (.1 = @aoy / («.Lm.ﬁ}
A~ _ 8

YT ’®5'N

with T = 1/f the time period at the particular fre-
quency, L, the magnetizing inductance (I = Nds/is),

and { is the peak magnitude of the current.

~Y

i
.—.—"_‘.
4 8 of|@
]
U ptacticﬂ‘__ g
u s
s ideal
|
|
1
A L -~
I 1
{c)

Fig, 2.4 Operating principle of saturated reactor,
{a) basic element, (b) voltage versus cur-
rent and (c¢) output characteristic.
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The current i lags the fundamental frequency compow
nent uy of the voeltage v by 90 degrees. The peak ma-
gnitude u; of the fundamental component uy is indepen-
dant of tée current 1 as long as saturation exists.
Therefore the U~I characteristic is flat as shown
(fig. 2.4c}. The device therefore behaves like a vpl-
tage source with an internal voltage of Us = 61/ EIN

Lp/3 Lp/3 Lp/3 Lp/3 Lp/3 Lp/3
{a}

mmf

m 4 my my my; mg mg mg

Lp : mesh loading reactor

% -

volitage i

Ua

voltage Fig. 2.5 Twin-tripler saturated
up 4 reactor

voltage 4

3

{a} basic circuit diagram

(b} mmf diagram
” {e) mmf and voltage

-t waveforms
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The U-I characteristic of the device is in practice
not perfectly flat in the saturated reglon because

of the residual “alr core" inductance of saturated

iron, but is linear with a slore at voltages higher
than U . Therefore, the saturated reactor performs

as a reactive power source with an internal voltage
US and saturated reactance Xs:

+ X I
5 5

U=1U

The simple device described above is unsuitable for
use in real applications because the voltiage, the
current or both are too distorted and contain high
amounts of harmonics. In practice these harmonics are
suppressed utilising multi-limbed core arrangements
with mutually coupled windings.

The "twin-tripler" saturated reactor has a six-limb
magnetic core with two return limbs and zig-zag
windings as shown in fig. 2.5a.

The winding ratio No/ N; is chosen such that the re-
sulting magnetomotive forces (mmf) My, M3, My and
My, Mg, M, are symmetrical but 30 degrees displaced
as shown ?n fig. 2.5b, i.e. No/Ny = /3.

Assuming sinusoidal symmetrical three-phase currents
Ia’ Iy, and 1, large enough to saturate the limbs
each magnetomotive force keeps its limb in satura-
tion most of the cycle. The limb flux flips to the
opposite saturation level when the magnetomotive fore
ce of the limb changes its polarity. A voltage pulse
15 induced in each turn of the limb winding, 6 vol-
tage pulses are induced in each phase-to-neutral
voltage and 12 pulses appear in the phase-to-phase
voltages as shown in fig. 2.5c with 120 degrees dis-
placenent. The fundamental component of the induced
voltage (phase-to-neutral) has the magnitude

16

Vo= — M P
due to the 30 degrees displacement of the pulses.

Hammonic analysis reveals the characteristic harmo-
nics to be of the order (i2n % 1) for n = 1.2...
(i.e7, 11th, 13th, 17th...}. In reality, the phase
currents, rather than the induced voltages, contain
characteristic harmonics, since the sinusoidal vol-
tages are imposed rather than currents. In order to
minimize the magnitude of characteristic harmonics
the magnetic circuit is designed to give a voliage
pulse width equal to T/12 at the operating point.
This can be achleved by adding delta connected win-
dings, loaded by an inductance LD.

Further reduction of hammoniecs 1s achieved by utili-
sing a nine-limb core with zig-zag windings, called
"Treble-Tripler® saturated reactor as show in

fig. 2.6.

Under balanced system voltage conditions, the har-
monics are of the order {18n + 1) giving the lowest
order or hammonics as 17th and 19th, etc., for
n=1,2, «.. if mesh windings are not loaded with
inductances L, for further suppression and smoothing
of uncompensaged harmonics.

The basic-scheme of a saturated reactor compensator
(SR) given in fig. 2.7, consists of a 6~ or 9 limb
saturated reactor of conventional transformer type
construction (core steel, windings, oil-filled tank,
cooling), designed for voltages up to 70 kV. The
saturated reactor itself has an inherent internal
reactance (slope of the U-I characteristic) of bet-
ween 5% and 15% on the tase of reactor rating, de-
pending on design.

CqCp C3C4 Cg Cg Cy Cg Cg

=0.7422
=0.3949
| N3 dl/ %
Ny i\ ﬂlrml
A/ N .
1
N3 N3 nm;J
LANNCEEY
|
(a)

{b)

Fig. 2,6 Treble-Tripler saturated reactor, winding
connections and mmf-diagram

CONTROL [ Ly = Laraq

SR
slope correction

capacitor

__I

fitter
cireuits

protection

shunt capacitors circuits

Fig. 2.7 Basic scheme
tor

of saturated reactor compensa-



A standard transformer is used for coupling to HV or
EHV systems. It 1s often provided with an on-load tap
changer to enable adjustment of the operating point
according to the system requirements.

Slope correction capacitors are connected in series
with the saturated reactor to reduce the internal
reactance X_ of the whole compensator, including
transformers to a required level. Damped bypass fil-
ters are always applied across these capacitors to
damp oscillations at subsynchronous frequencies, as
well as lnrush current transients of the saturated
reactor, in order to eliminate the risk of ferroma-
gnetic resonance. The slope correction capacitor has
to be protected by a protective device such as a non-
linear resistor or a spark-gap against overvoltages.

Shunt capacitors, connected in parallel to the slope
corrected saturated reactor, can extend the operating
characteristic into the leading power factor region.
These may be designed as filters 1f the system re-
acgnance conditions require such a measure.

The output characteristic (U-I} of the SR compensa-
tor is determined by its components. It can be re-
presented as a reactive power source behind an inter-
nal reactance of the order 0 to 5% on the base of
overall SE compensator installation rating (inelu-
ding the slope correcting capacitor and the trans-
former),as shown in fig. 2.8,

Voltage U
with shunt Saturated Reactor ?.rllfr_ e ——— —
capacitors J4 .7 _]
—m—— T -
- T T % with siope correcting capacitor operation of

protection

—N—

I
I
|
I
|
4 |

Irated Total SVC Gurremt  Igyp

Fig. 2,8 Output characteristic of saturated reactor
compensator

The characteristic is linear within the normal opera-
ting range. The characteristic can be shifted by tap
changing and shunt capacitor switching, while the
slope, as dictated by the slope correcting eapacitor,
remains constant unless the latter includes variable
units. For this reason the SR compensators will only
pemmit slow modification of parameters, 1f required
in operation.

The dynamlc response of the saturated reactor as such
is fast, e.g- 1533 of a cycle of supply frequency for
the treble~tripler. However, the response of a SR
compensator is slowed-down by the slope-correcting
capacitor and its bypass filter to 2 to 5 cycles of
supply frequency.

Harmonlc generation is rather low due to internal
compensatlon. Fllters are not required in most appli-
cations. The internal hamonic cancellation is imper-
fect under unbalanced conditions.

Losses of SR compensators are quite high compared with
reactors or transformers of comparable rating, being
typically in the range of 0.7 % to 1 % of the MVA
rating. -

Saturated reactors, like transformers have a conside-
rable temporary overload capability. Operation in the
inductive range is unlimited and linear as long as in-
ternal protection of the slope correcting capacitor is

not activated., This feature makes the SR most suita-
ble for applications requiring reduction of temporary
overvoliages, in addition to voltage stabilisation.

Typical applications of SR are :

- voltage stabilisation and temporary overvoltage
reduction in AC systems

- flicker control in industrial systems

~ HVIDC link compensation

Saturated reactors have been bullt in sizes up to
150 MVar.

Energisation is by direct closure of the compensator
circuit breaker.

Saturated reactor compensators are bullt from passive
components based on traditional technolegy. They are
reliable, maintenance-free and have a high overload
capacity. For this reason, they have advantages in ap-
plications where these aspects are important.

2.5 THYRISTOR CONTROLLED REACTOR COMPENSATOR (TCR)

The basic elements of a TCR are a reactor in series
with a bidirectional thyristor pair as shown in
fig. 2.9a.

The thyristors conduct on alternate half-cycles of
the supply frequency depending on the firing angle o.
Full conduction is obtained with a firing angle of
90 degrees. In this case, the current is the same as
that obtained if the thyristors were short circuited.
The current i is essentially reactive and sinuseidal,
lagging the voltage u by 90 degrees, as shown in

fig. 2.9b. Partial conduction is obtained with firing

u
4
— 1 (a
Line Reactor
voltage current i
u
270° [3607
0° 90° ] Nt
|' o -I1 BO" Partial conduction

Full conduction

{b)

Fig. 2.9 Thyristor controlled reactor
(agrbasic elements (b) current waveform
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angles between 90 degrees and 180 degrees. Firing an-
gles between O and 9 degrees are not permitted as
they produce asymmetrical currents with d.c. compo-
nents which are unacceptable. The effect of increa-
sing is to reduce the magnitude of the fundamental
hammonic comporent I, of the current. This is equl-
valent to an increase of the reactor inductance, i.e.
the thyristor contrclled reactor is a controllable
susceptance B(~) with

- in2
B(oc)=2(ﬂ o) + sinla
T . XL
where is the reactance of the reactor. The TCR re-

quires a control system which determines the firing
instants (i.e., firing angle ®t) measured from the
last zero crossing of the voltage u {synchronisation
of firing signals) and issues the firing pulses to
the thyristors based on control error signals, (e.gz.
voltage deviation, stabtilising signals) or system
requirements (e.g., susceptance B). The result is a
U-I characteristic shown in fig. 2.10 which can be
described by the equation :

Uo=m Upe ¥ Xgr X

where XSL is the slope reactance.

Voltags
agu Transformer
saturation
Operation of
protection {ot> 30°)
o
#2710
XsUlsve 77 | cumem
180%ox< 90° i I Limit
Uref ==——1 ;-4 |
g |
” 1
or =180° y 1 !
rs e ! !
A% : :
”
e : |
’ H : —
z 4 &

Current Isve

Flg. 2.10 Quiput characteristic of TCR with voltage
control and current limiter including the
step~down transformer

Due to the delay in conduction the TCR generates har-
monic currents at %0 degrees< g < 180 degrees (see
fig. 2.9b). Only odd order harmonics are generated is
firing of the thyristers is symmetrical. The RMS va-
lue of the fundamental (I,) and the nth harmonic cur-
rent (In_) components as a function of reactor current
at full conduction (i.e. & = 90 degrees) is given by:

|
Il/ILzF [ 2.k <) + sin2a}

I /I = 4
— [cose.sin{ne) - n_sina.cos(ne)l
T.n.{n =1)

withn= 3, 5 7... and 1L = U/)(L

Thereby for n = 1, 2, 3 hamonics of the order {6n+l)
form positive sequence, of the order (6n-1) form nega-
tive sequence and of the order (én-3) form zero se-
quence components. The TCR behaves like a harmonic
current scurce and it is worth noting that maximum
anplitudes of harmonics do not all occur at the same
firing angle.

In a btalanced three-phase system, where the three sin-
gle-phase TCR elements are connected in delta (6 -

pulse TCR) as shown in fig. 2.i2, only harmonics of
the order (6n * 1) exist as shown in fig. 2.11. The
reactor is usually split into two units in each del-
ta arm, with one unii on elther side of a valve, in

100
80
60

% 40

[
[=]
T

OC=NWwsO O

O=N O=N

Firing angle oc (degrees)

Fig, 2.11 Fundamental and harmonic currents of a
three-phase delta connected TCH shown in

fig. 2.12
a
b
[

| e R |

| | 1]

| |

\ | !

]
«|———-| CONTROLLER |&— U,

]

Fig. 2.12 6-pulse TCR

order to limit thyristor fauli currents.

Under balanced system conditions the zero sequence
current harmonmlcs of the order 3, 9, ... circulate
in the closed delta and are absent from the line
currents (see fig. 2.11).

Further elimination of harmmonice can be achleved by
using two 6-pulse TCRs of equal rating, fed from
two secondary windings of the step-down transformer,
one connected in wye and the other in delta forming
a 12-pulse TCR as shown in fig. 2.13.

Both TCR units are controlled with equal firing an-
gles. Since the applied voltages have a Phase diffe-
rence of 30 degrees, the harmonic currents of the
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\ﬁ' CONTROLLER |=— U,

Fig. 2.13 12-pulse TCR

order {6(2n—1)11} will be cancelled in the transfor-
mer. The characteristic current hammonics injected
into the systett are of the order (12n#l) i.e. 11, 13,
23, 25 .... etc.

Another approach to harmonic current reduction, other
than filtering, is to use two 6-pulse sequentially
contrelled TCR units of half rated output to achieve
the same overall reactive cutput. This arrangement
effectively reduces the harmonic currents to 50% of
a single TCR installation of full rating as shown in
Section 5.5.2.

The thyristor controlled transformer compensator

(TCT} is a special kind of &-pulse TCR. 1t is & trans-
former with a 100 % leakage reactance, with windings
connected in wye-delta and bidirectional thyristors
pairs across the secondary windings, as shown in

fig, 2.14.

b
c
150° < 0 180°
u
i
120° € o £ 160°
u s
|
7\
r 4y
- ~
Secondary - N
winding

Fig. 2,14 Thyristor conirolled leakage transformer,
winding arrangement and characteristic
waveforms

This concept was developed to reduce both the cost
of the reactor/transfommer complex and the secondary
fault currents.As there is no secondary busbar any
shunt capaciter must be connected at the primary vol-
tage or through a separate step-down transformer.
Harmonlc generation is the same as a 6-pulse TCR
compensator.

The baslc scheme of a thyristor-controlled reactor
compensator (TCE) consists of a 6- or i12-pulse TCR,
and a controller including the thyristor firlng/fi-
ring pulse synchronising system, the regulator, and
the measuring system as shown in fig, 2.15.

Shunt capacitor banks can be added to filter harmonics
and to extend the output characteristic inte the ca-
pacitive range. A step-down transformer is required
in HV or EHV applications as the TCR voltage is limi-

ted for technical and economic reasons to 50 kV or
below.

U
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Fig. 2.15 Thyristor-controlled reactor scheme with
sWitched or fixed capacitors (TCR+MSC+FC)

The shunt capacitor bank may be divided into several
three~phase groups, fixed or separately switched by
a circuit breaker. Each group can be a series tuned,
or high-pass filter (reactor in series with the capa-
citor) to provide a shunt path for the harmonics ge-
nerated by the TCR to flow into and to avoid harmo-
nic resonances with the power system.

Filters are usually deslgned for 5th, 7th and occa-
sionally to 2nd, J3rd, 11th and 13th harmonic depen-
ding on TCR type and system characteristics. A capa-
citor bank consists of many units connected in se-
ries and parallel in order to meet the specified reac-
tive power requirements as well as the operating
voltage. The bank is usually divided into two wye
connected groups for economic reasons and for ease of
protection arrangements.

The output characteristic (U-I) of a typlcal voltage
controlled TCR with Tixed or switched capacitor(s}
is given in fig. 2,16. The operating range is deter-
Rined by the rating of the components and by the
overload rating of the TCR. Facilities for adjusting
the reference voltage U . and slope (typically O to
5 %) are provided. re
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Fig. 2.16 Output characteristic of a TCR with capa-
citor

The dynamic response of the TCR as such is fast,less
than 5-10 ms, but the delays in measurement and con-
trol circuits as well ae the system impedance may im-
pose settings that give slower response times for
control loop stability reasons of typically around
3-10 cycles of supply frequency. A fast response set-
ting for a low system impedance (i.e., strong power
system) could lead to instability when the impedance
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becomes high under transmission circuit outage con-
ditions {i.e., weak power system). However, a fast
response for various system contingencies could be
achieved utilising adaptive conirellers as descri-
bed in Chapter 7.

Harmonic generation of TCR schemes is dependent on
the TCR type, filter arrangement used, TCE and po-
wer system operating conditions. Voltage untalance,
tolerances in firing angles and major TCR components
may lead 10 generation of additicnal harmenies of
the order 2, 3, %, +++» These non-characteristic har-
monics are usually below 2 % of the TCR rating.With
systems having parallel resonance close to the fun-
damental supply frequency, hamonic instability may
occur due to controller feedback or synchronisation.
Filters in the measurement and controller circults
can suppress these harmonics.

Losses of TCR schemes depend on layout and operating
point as shown in fig. 2.17. TCRs with fixed capacie-
tors have losses typically in the range of U.5 1o
0.7 % of the MVA rating.
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/
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Reactive Power Q

Fig. 2.17 Yower losses for TCR with capacitor and
filter

The overload capacity of the TCR is determined by
the thyristors. At system voltages above the point
corresponding to the mipimum firing angle == 90 de-~
grees, the control will be at the limit, the TCR will
behave as a linear reactor with currents depending
only on the system voltage. To avoid excessive thy-
ristor heating, the firing angle o has to be increa-
sed to limit the current. At still higher voltages,
the step-down transformer will begin to saturate and
its magnetising current will increase rapidly; this
may reduce the overvoltage but can also give rise to
ferroresonance., Special protection measures may be
required, involving surge arresters, circuit breaker
operation, and firing of thyristors in all three
phases based on a particular overvoltage level.

The TCR scheme can be subjected to an overcurrent if
the thyristor 1s fired with a firing angle ctof less
90 degrees by the protection or control scheme du-

ring a transient overvoltage condition (see fig.2.18).

The current will have a dc component and delayed ze-
ro current crossings, resulting in increased thyris-
tor losses and heating.

Energisation of the TCR is by direct closure of the
compensator circuit breaker with contrel signals
suitably delayed to enable synchronisation of thy-
ristor firing.

Typlcal applications of TCR are

- voltage stabilisation and temporary overvoltage
reduction in AC systems

- stability improvement in AC systems

- damping of power oscillations

- load balancing in AC systems

- HVIC link compensation.

S
/Thﬁrristor\/ Tme’(t)\

1 Firing

Fig., 2.18 TCR overcurrent and overvoltage problem

The TCR type compensators are very flexible with re-
gards to their parameter settings and modifications.
Maintenance requirements are small. Space require-
ments for reactors, filters and capacitors are large.
The reliability is high. TCRs in use range up to hun-
dreds of MVar and are utilised in both HV and EHV
system applications.

2.6, THYRISTOR SWITCHED CAPACITOR COMPENSATOR (TSC)

The basic elements of a TSC are a capacitor in series
with a bidirecticenal thyristor pair and a small reac-
tor as shown in fig., 2.19.
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Fig. 2.i9 Thyristor switched capacitor (TSC}, single
and three phase elements

The purpese of the reactor is to limit switching
transients, to damp inrush currents and to form a
filter for harmonics coming from the power system

or from any parallel connected 5VCs (e.g., TCR}. In
three-phase applications the tasic TSC elements are
connected in delta. The TSC alsc has a control system
that detemmines the firing instants and issues the
firing pulses to the thyristors accerding to the re-
guirements. The instant of switching detemmines the
switching-in transients as follows :

- mipimum transients in the current i will occur if
the thyristor is fired at the instant the capacitor
voltage u; equals the peak of AC system voltage u
(1.e., voltage across the thyristor is equal to
Zero)

~ large transients in the current will occur if firing
occurs at zZero system voltage or maximum voliage
exits across the thyristor.

Favourable switching-in instants are shown in fig.2.20.

In practiecal TSC circuits, there must always be suffi-
cient series inductance to keep the di/dt of the worst
switch-in transient within the limits given by the
capability of the thyristor. Transients are guickly
damped due to system losses. Usual practice is to al-
low switching-in at the minimum thyristor voltage
only (point-on-voltage-wave switching) by supplying
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Fig. 2,20 Capacitor switching with minimum transients

the necessary information through the controller for
the most appropriate firing instant.

The firing control usually sends a single firing pul-
se or a train of firing pulses or a continuous ga-
ting signal to the thyristors as long as capacitive
current (susceptance) is requested by the controller.
After the thyristor ceases conduction at zero cur-
rent the capacitor remains charged at peak system
voltage. These trapped charges are drained by dis-
charge devices assoclated with the capacitors. Sueh
trapped charges do not inrhibit rapid reconnection of
the capacitor as a firing pulse can be applied as
5001 as the system voliage is of the same polarity
as ihe capacitor voliage as shown in fig. 2.20.

The basic scheme of a thyristor switched capacitor
sompensator (TSC) consists of a number of parallel,
delta connected TSC elements and the controiler
(thyristor firing/firing pulse synchronising system,
the regulator and the measuring system) as shown in
fig., 2.21. A step~down transformer is also required
in HV and EHV applications as the TSC voltage is li-
mited to 30 kV or below for technical and economic
reasons.
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Fig. 2.21 Thyristor switched capacitor scheme (TSC)

The choice of the step~down transformer secondary
valtage can constderably influence the overall TSC
cost. 1t also determines the type of {iring pulse
system to be used. This in turn determines the thy-
rigtor valve voltage and current stresses which have
to be accommodated by appropriate valve design and
protection elements (ref. 350, 357).

The gutput characteristic {U-I) of a T3C compensator
is discontimsus and determined by the rating and
number of parallel connected units. Therefore the
voltage support provided 1s discontinuocus, as shown
in fig. 2.2Z, i.e. the TSC as a reaciive power sour-
ce is controllable in discrete steps only. The volta-
ge U 1z thus controlled in the range LUref+AU/2]
where AU is the deadband.

The dynamic respense of the TSC as such is fast and
typically arcund 0.5 to 1 cycle of supply frequency,
but delays in the measurement and contrel circuits,
may impose setiings that give slower response for
control stability reasons of typically around 3 to
10 cycles of supply frequency. The comments made on
the response of TCR schemes in the previous section
also apply to TSC schemes.
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Fig. 2.22 Output characteristic of a TS0 scheme under
voltage control with deadband AU

Harmenic generation of the TSC is zero, but there is
a danger of series resonance with the power system at
harmonic frequencies and careful co-ordination of the
series reactor impedance with respect to the TSC ra-
ting is required.

Losses of TSC schemes are less than TCR losses but
higher than pure capacitor losses with typical losses
shown in fig, 2.23.
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Fig. 2.23 Losses of a TSC scheme without a step-down
transformer

The overload capacity of the TSC is determmined by the
thyristors and capacltors. An overvoltage problem
does not exist as long as the control and protection
is properly co-ordinated disconnecting the TSC under
overvoltage conditions as required {ref. 357). The
controller could also be blocked during large system
disturbances to aveld the aggravation of overvoltages
which may arise due to the re-energisation of the
capacitor following fault clearance.
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The thyristors of a TSC scheme can be subjected to
an internal overvoltage problem if the thyristor is
discontinuously fired (misfired} accidentally or due
to inadequate design by the control or protection
device, by a single pulse, at periods of maximum
voltage difference across the thyristors as shown in
fig, 2424,

“la : LI\
W N

Misfiring

Fig. 2.2% TSC misfiring problem

The accidental firing (misfiring) of the thyristor
vwhen the AC system uw and capacitor u. voltages are
opposite (l.e. at maximum voltage accross the thyris-
tor) can result in a large surge current of high fre—
quency, extinguishing shortly after the firing pul-
se and cause high voltage stresses across the capa-
citor and the thyristor. This problem can be minimi-
sed Dy the control system by prohibiting firing of
thyristors at perieds of maximum voltage across the
thyristor and by applying continuous firing slgnals
under overvoltage conditions or by other suitably
co-ordinated protective means.

Typical applications of TSC schemes, which usually
take advantage of minimum losses in standby opera-
tion, are :

- voltage support following large system disturban-
ces

- damping of power oscillations

- voltage control

- load balancing.

TSCs in use range up to hundreds of MVar and are used
in both HV and EHV system applicatlons.

2.7 HYBRID COMPEKSATORS {TCR + TSC)

The step change in voltage resulting from the swit-
ching of capacitors in TSC schemes can be smoothed
by means of a TCR of equivalent rating, connected in
parallel.

The baslc scheme of a (TCR+TSC) compensator consists
of thyristor switched capacitor banks of equal ra-
ting connected in parallel with one or more &-pulse
thyristor controlled reactor units each rated equi-
valent to one TSC unit, together with a fixed or
mechanically switched capacitor bank, a filter capa-
citor bank (if required), a controller and a step-
down transformer ?if required), as shown in fig.2.25.

Typically, two of the abovementloned basic 6-pulse
compensator units, each connected to the delta and
wye connected secondary windings of a three winding
transfommer, form a 12-pulse system with compensa-
tion of 5th and 7th hammenics (see Section 5.5.2.).

The hybrid scheme can be tailored to the power sys-
tem requirements such that, e.g., total losses du-
ring a characteristic operating period, capital and
operational costs, hammonic generation and filter

requirements can be minimised.
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Fig. 2.25 (TSC+TCR+MSC+FC) type static var compensatoer

The controller of a hybrid (TCR + TSC) type compensa-
tor has to co-ordinate the operation of the constli-
tuent units according to a pre-determined conmtrol
strategy in a similar manner to the following exam-—
rle. System phase voltages at the compensator termi-
nals are converted into a DC signal. This signal,
representing the amplitude of the system voltage, is
subtracted from the reference voltage to obtain the
error signal which is fed to the regulator to derive
the compensator susceptance demand B £ Additional
control signals derived from power 1&%, system fre-
guency, etc. can be added to the error signal to con-
trol the voltage for system damping enhancement pur-
poses. The B is a measure of the reactive power {or
current ) neeagg to maintain a desired veltage at the
compensator terminals. In the control co-ordination
unit, the B signal is converted to digital and
analogue sigﬁals, to enable switching of TSC units
and phase control of the TCR units respectively in
order to match the susceptance requirements. The TCRs
are controlled such that the harmonic currents are
reduced., The control system alsc contains synchroni-
sing units which ensure the exact timing of the thy-
ristor firing pulses. The reference sighals for the
TCR pulse generators are the zerc crossings of the
system voltages across the reactors. The reference
signal for the TSC pulse generators are voltage mini-
ma across the thyristor valves.

The output characteristic {U-I) of the hybrid (TCR +
TSC) compensator is the tasic characteristic which
has been described in Section 2.2 {see fig. 2.16).

The dynamic response ls the same as for TCR or TSC

schemes which is typically around 3 to 1C cycles of
supply frequency or slightly slower depending upon

the control system settings.

Harmonic generation can be minimised in the same man-
ner as that described for TCR and TSC schemes.

Losses are dependeni on the particular arrangement
chosen, an example of which is given in fig. 2.26.
The losses can be made very small at zero reactive
power output, but are markedly increased as the capa-
citive or inductive ocutput increases.

The overload capability of the hybrid (TCR + TSC) ty-
pe compensator is the same as that of its constltuent
components.

The {TCR + TSC) type compensator represents only one
of the hybrid compensater types possible. In practice,
it is possible to combine and co-ordinate the charac-
terlstics of many types of SVCs, with existing reac-
tive compensation equipment characteristics on the
power system, to achieve an economic solution matching
the power system needs. Further information on the
practical combinations achieved using the (TUR+TSC)
type compensator as a building block can be found in
Chapter 8.
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Fig. 2.26 Losses of a TSC-TCR compensator with & TSC
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2.8 SELF AND LINE-COMMUTATED CONVERTOR COMPENSATORS
[SCC_AND LCC)

The basic elements of an SCC or LCC type of compensa-
tor are a static converter and a voltage or current
source as shown in fig. 2.27.

The convertor produces or consumes reactive power u-
sing semiconductor switching devices. ln theory, such
compensators do not reguire reactors or capacitors
for reactive power generation as long as the compen-
sator has an internal voltage or current source.
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VOLTAGE
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Fig, 2,27 Schematic configuration of SCC or LOC come
pensator

Two basic approaches are pessible for a convertior
compensator; one uses an inverter which converts IC
voltage {or current) to AC voltage {or current) at
fundamental frequency while the other employs a fre-
quency changer which produces AC voltage (or current)
at the fundamental frequency from an AC scurce whose
frequency may be different. A battery, capacitor,
reactor, high frequency generator or 1L tank circuit
may be used as a voltage or current sources. There are
a wide variation of the combinations of static conver-
tors and sources (ref. 167)}. Currently only the self-
commutated convertor {SCC) and the line-commutated
convertors {LCC) are in use (ref 305).

The SCC consists of semiconductor valves arranged to
form a multiphase switching convertor circuit on the
secondary winding of a transformer. The semiconductor
valveg have the capability of being turned “"on" and
Yoff*" by control action which produces self or forced
commutation. The switching convertor is controlled to
draw variable lnductive or capacitive current from the
three phases of the power system.

The LCC consists of thyristor valves arranged to form
a multi-phase switching convertor circuit on the se-
condary winding of a transformer. The thyristor val-
ves are commutated by the line voliages at the con-
vertor terminals. The switching convertor circult is
operated to draw variable inductive current from the
three phases of the Dower system. Iixed capacitors
may be added to extend the operating range into the
capacitive region.

Baglc structure of a self-commutating convertor (SCC)
compensator is given in fig. 2.28.
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Fig., 2,28 SCC compensator

Such a compensator generates a square wave voltage
across the corresponding winding of the compensator
transformer by forced commutation of the charged
storage capacitor. Several such three phase invertor
units are applied to generate emf's which are phase
displaced and interconnected in series or parallel
by means of the transformer winding. The resultant
internal emf has a quasi-sinusoldal waveform and is
controlled to be in phase with the system voltage so
that only reactive power flows across the leakage
reactance of the transformer. When the internal vol-
tage is equal to the system voltage the compensator
is floating; when the internal voltage is greater the
compensator generates reactive power, when less the
compensator absorbs reactive power.

The output characteristics (U-I) of the SCC compensa-
tor is similar to the TCR/TSC compensator. However,
the operation at undervoltage conditions is limited
due to the possibility of commutation failure.

The dynamic response of the control system is similar
to that of the TCR/TSC compensator or slightly faster.

The harmonics can be cancelled by utilising multi-
phase convertor configurations. A 36-pulse 3CC com-
pensator based on the six inverters mentioned above
connected in series is schematised in fig. 2.29. In
this scheme, only harmonics of (36n + 1) order will
remain, and no harmonic filter is required.

The losses of a SCC compensator are presently around
2 % of the output under maximum inductive or capaci-
tive output conditions.

The overvoltage performance depends on the switching
devices utilised. The SCC compensators are more sen-
sitive to overcurrent than the TCR/TSC compensators
because of the current limits of their valves.

Operation under unbalanced conditions is dependent
upen the magnitude of the unbalance and may be limi-
ted due to possible commutation failure. Operation at
undervoltage conditions may also be limited for the
same reason.
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Fig. 2.29 36-pulse SCC compensator
The SCC/LCC compensator provides significant space

saving. The commutating reactance is some
on the compensator rating.

Experlence acquired with this system {fig. 2.29) has
demonstrated its feasibility for fast acting reacti-
ve compensation of a.c¢. power systems especially fol-

lowing faults near the SCC/LCC compensator (ref.
245, 269),

SCC compensators are capable of belng used for ma-
ny applications e.g. reactive power compensation,
improving of power transfer capability, improving
system transient capabllity, and enhancing system

10 to 15%

2.

G A COMPARISON OF STATIC VAR COMPENSATORS

There are many factors which affect the perfermance
and hence the application of different types of SVCs
to solve specific power system problems. Important
performance measures are :

continuousg or discontinucus adjustement of reacti-
ve power output, volitage reference values, slope
and cperating limits

adjustability of control system parameters, active
or inherent control

individual phase control, phase balancing ability
speed of response

sensitivity to frequency variations

sensitivity to under or overvoltages

overload and overveltage limitation capability
loss characteristic, at zerc output and over total
operating range

harmonics generated

filter requirements

equipment cost, space requirements

reliability.

Some of these measures such as reliability, mainte-
nance requirements, equipment costs and space requi-
rements are dlfficult to quantify. A comparison of
the SVC types discussed in this chapter, based on
selected performance measures, ls given in Table 2.1,

A

comparison of the typical loss characteristics for

different types of SVCs is given in fig. 2.30.
(TSC + TCR + MSC + FC) schemes are more flexible
with respect to loss minimisation.

damping.

Table 2.1 : Comparison of SVC's

TER-FC ! . SCC
SR, [=d - -
FC ToT-fC 15C TCR-TSC-FC LCo
Cantrol range Inductive and| Inductive and . Inductive and Inductive and
o s Capactive only . .
capacitive capacitive capactive capacitive
Susceptance adjustment Continuous Continuous Stepwise Continuaus Continuous
inherent active active active sctive
Caontrol adjustability Foor Good Limited Good Goad
- voltage control Limited Yes Limited Yes Yes
- stabilizing signals No Yes No Yes Yes
- individual phase balancing No Yes Limited Yes Yes
Speed of response Fast, systam Fast. system/ Fast, cantral Fast, system Very fast,
and bypass cantrol de- dependent dependent control
filter de- pendent dependent
pendent
Generation of harmonics Very low Low, filter None Very low, filter| Low
regquired dep. required dep.
system condi- system condition
tian
Limitation of overvoltages and| Very good Good None Limited Poor
overload capability
Sensitivity to voltage and Yes No No No No
frequency deviations
Losses Moderate Medium, in- Small, increase| Small, medium Moderate
crease with with leading depending an
lagging current| current lay-out
Direct EHV connection No TET yes fag No MNa
Energization Fast,direct Fast with Fast with Fast with Fast with
control control contrel action control action
action action
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Fig. 2.30 Loss characteristics of SVCs

The result of this comparison can be summarised as
follows :

- thyristor controlled or thyristor switched type
schemes are most suited for applications which re-
quire flexible control capabilities

- combinations of mechanically switched capacitors
(MSC) with thyristor switched capacitor (TSC) and
thyristor controlled reactor (TCR} type compensa—
tors have lowest losses but mechanical switching
reduces response time and does not allow rapld re-
peated operation

- no appreciable differences exist in the speed of
response between different basic types of static
var compensators currently avallable

- saturated reactor, thyristor switched reactor (TSR)
and capacitor (TSC) type compensators release the
minimun amount of hammoniecs to the power system fol-
%owe? by the 12-pulse thyristor controlled reactor

TCR

- schemes using saturated reactors have higher over-
load and overvoltage capabilities than thyristor
contrelled or thyristor switched SVC types

- TCR compensators have simpler control schemes than
{TCR + TSC) and other hybrid types of compensators
while saturated reactors due to their inherent con-
trol characteristics have no external controller re-
quirements.

Further information on the control strategies for
specific power system applications and future trends
can be found in Chapter 7 while technical details of
SYC installations around the world can be found in
Chapter 8.
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CHAPTER 3

POWER SYSTEM STUDIES RELATED TO STATIC VAR COMPENSATOR APPLICATIONS

3.1. INTROIUCTION

Studies carried out as part of the povwer system plan-
ning process by the utilities must include an eva-
luation of the reactive poucr compehsation require-
ments. Compensation alternatives to be evaluated may
include series capacitors, shunt capacitors and re-
actors, synchronous compensators and static var com—
pensators (SVCs).

Power system studies related to SVC applications in
particular are required to :

- coordinate the economlc and technical requirements
of a utility and to identify the problem to be sol-
ved by SVQs

- determine the required rating and operating charac-
teristics of the SVCg for the identified applica-
tion

- evaluate the use and the benefits of SVCs in com-
parison with other alternatives.

The number and nature of studies carried out depend
entirely on the objectives being conslidered. 1n es-
tablishing the objectives, it is worthwhile to dif-
ferentiate between the usual stages of system deve-
lopment, namely :

- early planning
detailed planning
- design

- operation.

in the early planning stage of the power system de-
velopment, the reactive power reguirements and the
appropriate locatlon of the SVCg are assessed, based
on & relatively wide time horizon for the power sys—
tem development in terms of loads, generation, and
network configuration. The planning process is requi-
red to be iterative, as the configuration and the
development strategy of the power system can be ap-
preciably affected by the application of SVCs. Impor-
tant studies at this stage are load flow and tran-
slent stability studies.

Load flow studies will provide information on the
approximate rating of and appropriate locations for
installing the SVCs. Transient stability studies will
indicate the reactive power requirements to achleve

a certain lmprovement of the power transfer capabili-
ty while maintaining satisfactory system stability
performance.

In the detailed planning stage, the power system per-
formance will be evaluated in detail in order to pre-
pare the necessary EVC performance specifications.
8ystem demand variations, fault levels, contingencies,
voltage criteria, loss evaluation criteria, stability
criteria, etc., have to be considered in carrying
out detalled studles. These studles will provide in-
formetion on the following characteristics of the
SVCsg @

- steady-state operating characteristics

- appropriate operatlng regimes to meet system requi-
rements under abnommal operating conditions resul-
ting from system disturbances

-~ continuous and short term overload capabilities

- control and protection requirements

- step-down transformer and tap-changer requirements

- harmmonic performance requirements.

The detailed planning studies will result 1n a set of
performance specifications which may not necessarily
include a definition of the type of SVC for the par-
ticular application.

The selection of an appropriate SVC to meet the per-
formance specifications and to carry out studies (if

required’ is best placed with the manufacturer, in
the design Ehase. In some cases utilities may prefer
to select the SVC type, based upon previous experien~
ce, close co-operation with the manufacturer in car-
rying out design studies is required to ensure the
final design fully meets performance specifications.

In system operation studies, the appropriate SVC ope-
rating regimes must be verified, taking into account
the system constraints and contingencies. Studies and
tests carried out for verification purposes form

part of the acceptance procedure for the SVC.

Table 3.1. summarizes the types of studies which may
be required at various stages of power system deve-
lopment. Studies required for the design of SVC
equipment are not covered in Table 3.1 since these
are normally the responsibllity of the 3VC manufac-
turer. However, the utility should inform the manu-
facturer about all procedures, power system/plant
Performance criteria and standards which may affect
the SVC design. It should be noted that not all of
the studies shown Table 3.1 are required in all SVC
applications.
Table 3.1 : SVC Application study requirements at
various system development stages

power system deve~ | early detailed
opment stage planning |planning eperation
Studies

load flow X b4 x
large disturbance

(transient stabi- X X x
lity)

=mall disturbance

{steady-state sta- - x -
bility)

subsynchronous

resonance - x -
network harmonics - b -
electromagnetic

transients - X -
fault level - X x
coordination,

cptimization,loss

and cost evalua- X x -
tion

The SVC application studies require appropriate po-
wer system models and study methods covering the par-
ticular problem to be solved by the SVC application.
There are various tools available to study the SVC
performance and te develop data for the performance
specificatlons. These include digital computer pro-
grams, analogue, hybrid and physical models, each
with appropriate simulation and parameter optimisa-
tion capability.

Experience to date indicates that computer programs
for simulation and optimization are sufficient in the
early and detailed planning stages to identifiy size,
location requirements, and performance specifications.
In some cases, e.g., where the 5VC has the main pur-
pose to control overvoltages ln the power system,
other models such as analogue or physical models pro-
vided with a general purpose real-time SVC controller
can alsc be useful in assessing the effectiveness of



the SVC and to draw general requirements for the SVC
control and protection.

3.2 LOAD FLOW STUDIES

The objective of a load-flow study, for a power sys-
tem with given network configuration, demand, genera-
tion, transmission line, transformer, serles and
shunt compensation parameters, 1s to detemmine the
node voliages, the active and reactive power flow in
transmission lines and transformers, the power losses,
the power of the slack generator and the reactive po-
wer of generators and shunt elements. The standard
load flow study assumes balanced steady-state condi-
tiens in the network. :

In cases where the SVC is applied for load balancing,
a three-phase load flow model of the power system
and the SVC is deslrable. If this is not available
then a conventional equivalent sequence component
model is required. In some cases the detailed ana-
lysis of the unbalance can be restricted to the SVC
and the load. In such cases the rest of the network
can be represented by a balanced equivalent, with
equal impedances in each one of the three-phases.

The load flow problem can be described by a set of
nonlinear equations resulting from the balance of
ihe active and reactive power in each systiem node.
These equatlons are solved by means of appropriate
computer pregrams. In load filow programs a controlled
SVC is & reactive power source which can be represen-
ted by a FV-node with zero active power (P = C) and
reactive power limits (QMax and Qmin) at the point of

connection. An uncontrolled SVC may be

represented by a constant susceptance {shunt impedan-
ce,) at the point of connection. More detailed des-
criptions of SVC models for load flow studies are

included in Sectiosn 4.2 of Chapter 4.

The objectives of the load flow studles related to
SVC applications are :

- to determine the appropriate location and the pre-
liminary rating of the SVC

- to provide information on the effects of the SVC
on the system active and reactive power flows and
voltages under normal and abnormal system operation
as well as contingency conditicns

- to provide the initial conditions for system stu-
dies investigating large disturbance {transient
stability) and small perturbation (steady-state sta-
bility) studies btased on the power system configu-
ration, loading and generation conditions.

Table 3.2 summariZes the load flow studies related
1o SVC applications. The SVC characteristic parame-
ters determined from these studles are explained in
detail in Chapter 5.

3.3. LARGE DISTURBANCE {TRANSIENT STABILITY)} STUDIES

These time-domain studies are used to determine the
performance of a generating plant during and after
system fault conditions and to evaluate the effect
of the system, generator, generator conirol, protec-
tion facilities and various performance enhancement
measures (e.g., voltage support , series and/or shunt
compensation, braking resistors, fast valving etc.)
on the transient stability limit and on the damping
of oscillations following such large distrubances.

The power system is modelled by a set of differential
and algebraic equations describing the large distur-

bance dynamic behaviour of the system. Using the ini-
tial conditions from a load flow study, the above men-
tioned system equations can be solved by means of nu-

Table 3.2 : Load Flow Studies Related to SVC Applications
Power System Purpose of Purrose of Typical System Type of Typical
Problem VG Load Flow Operating System SVC Morddel
Study onditions Model
Voltage Instahility Avoid voltage Netermination of| Peak load, min. Single-phase PV-bus with or
collapse QO generation equivalent v..'it‘nmxt O limits
Oc min' “nin contingencies {positive sequence) i.e. qu and Qmin
load flow,
B balanced loads
C rated and constant
frequency
Power Transmission Voltage control Determination of
Capability Erhancement \ . .
% min Ymi
Bc rated
Transient Stability and Voltage supprort, | To provide Various
Darping Enhancement damping of initial configqurations,
nacillaticns conditions for loadings, " "
large disturb— contingencies
ance stulies
Subsynchronous Rescnance | Positive damping " " "
Damping and Suppression of SSR
To determine " Admittance-type Shunt
characteristic load flow, vari- susceptance
impedance able frequency
Reduction of Continuous Limitations of Determination of| Load rejection, Shunt susceptance:
or Temporary Overvoltages| overvoltages min. Q generation, “
3 NI light load By vin
"L min® oV contingencies Separate PV-bus:
s]
max
Urer' Kgr, = S
Load Balancing Balancing of load| Determination of| Max. and min. load| 3-phase load flow, | Shunt susceptance
reactive compen— min. short-circuit{ unbalanced loads, | per phase or PV-
sation, voltage QC min’ O max impedance network parameters| bus with or with—
control per_phase out O constraints
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merical integration and algebraic manipulation. The
power system model for large disturbance studies
should include :

- network series impedances and shunt admittances

- generator models with voltage regulators and speed
governors

- loads with constant admittunce {Y), frequency and
voltage dependant admittance (Y(f,U)}, constant
current, il) or constant active and reactive power
(P) and (Q)

= HVDC links with relevant controls
- 5VCs with relevant controls.

The SVC is represented as a controllable susceptance
or equivalent voltage or current source with a sui-
table controller in these studies. For most applica-
tions it is sufficlent to model only the positive
sequence behaviour of the SVC., More detailed infor-
mation on SVC models for stabllity studies 1s glven
in Section 4.3 of Chapter &.

The objectives of the large disturbance studies re-
lated to SVC applications are :

- to determine the required rating of the SVC espe=-
clally in the capacltlve range, from the excursions
of the reactive power during disturbances

= to determine the effect of the control range limits

- to evaluate the effect of SVCs on the damping of
oscillations

~ to determine the approprlate control parameters
and signals for adequate transient and damping per-
formance

order to achieve effective minimisation of the in-
vestment required.

It is recommended to use an SVC model without sus-
ceptance or reactive power limits, i.e. & voltage
source model, in the initial phase of the study and
to apply more sophisticated models in the detailed
planning stage.

Table 3.3 summarises the large disturbance {(tran-
sient stabllity), small perturbation and subsynchro-
nous rescnance studies related to SVC applications.
The SYC characteristic parameters determined from
thesze studies are explained in detail in Chapter 5.
Small perturbation studies and subsynchronous reso-
nance studies are described in more detail in the
following sectlions.

3.4 SMALL DISTURBANCE {STEADY-STATE STABILITY) STU-
DIES

Small disturbence studies are carried out to examine
the possibility of low frequency power system oscil-
lations due to lack of damping and to evaluate va-
ricus measures for providing additional damping.The-
se measures include use of system configuration and
loading changes, generator control, veltage support,
and supplementary control signals. The analysis can
be performed using time-domain simulations, as used
for large disturbance studies. The possible draw-
backs of the time-domain simulations are the compu-
ting regquirements and the numerical stability pro-
blems. Methods involving eigenvalue calculaticns,
frequency dependent transfer functions or frequency-
scanning methods are also powerful tocols. These are
tased on a linearization of the dynamic power system
model at a specific operating point., For 5VC appli-

- to evaluate the effect of various SVC locations
and ratings on the transient stability limits, in

cations, the small perturbation study will provide
information on the choice of SVC rating and appro-
priate control characteristics for improving the
damping performance of the power system.

Table 3.3 : Large disturbence {transient stablility), small disturbance {steady-state stability) and subsyn-—
chronous resonance studies related to SVC applications
Power System Purpose of Purpose of Typical System Type of Typical
Problem sSvC Study Operating System S Model
Conditions Model
Transient instability Voltage support, | Determination Peak or light Ralanced (pos. Controlled current
{Loss of synchroniam transient, of SVC rating: load, min Q sequence) network,| source {pos.
following large gtability 1imit generation, outage| generator with sequence) or
disturbances) and damping Cc min' Yni contingencies. inertia, damping susceptance
insufficient danping improvement. Fault type, control, load,
Bo rated location and no transformer
duration according| terms in the
Control para— to system design power system and
meters, signals,| criteria used generator stator
location of SVC equations
Steady-state stability Danping of power | Determination of| Peak or light Linearized Controlled current
{Damping of low oscillations, SVC operating load, min Q Balanced (pos- source {pos.
frequency power system reactive point, control generation, outage| sequence) network, | sequence) or
oscillations) campensation to signals, contingencies generator {inertia| susceptance
improve generator| parameters, damping, control,
control structure load)

Damping of subsynchronous
resonance

hamping of
generator shaft
oscillations,
voltage control
reactive
capensation

Deterdnation of
SVC rating:

A, max! Upat
Oon%l s{gnggs ’

parameters,
structure

Nominal load,
power system
tuned to SSR and/
or typical
contingencies

Falanced {pos.
sequence)
generator shaft,
inertia, damping,
control, load all
transformer terms

eg di/dt, do/dt

Controlled current
or susceptance
source (pos.
sequence} with
transformer terms,
converter time
delay
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3.5 SUBSYNCHRONOUS RESONANCE STUDLES

Subsynchronous resonance (SSR) may cceur in power
systems with series compensated transmission lines
and thermal generation. In these systems there is a
certain risk of adverse interactions between the
electrical system and the generator shaft system.
These interactions may result in sustained¢ torsienal
oscillations causing damage to the generator rotor
and shaft system. Subsynchronous resonance (SSR)
studies are perfurmed to evaluate the effectiveness
of an SVC in damping or preventing subsynchronous
escillations in a power system.

The SSR studies are generally carried out in the ti-
me demalin. Numerical integration is applied to the
differential equations describing the network, gene-
rators and generator-turbine shaft train{s). Small
rerturbation methods {e.g., eigenvalue analysis) can
also be applied equally effectively. Regardless of
the method, the transformer terms representing rates
of changes of variables with respect to time (e.g.
di/dt, do/dt) in the equations describing the gene-
rator and the power system have to be adequately in-
cluded to represent the SSR-modes. Farticular atten-
tion has to be paid to the modelling of the mechani-
cal behaviour of the generator-turbine shaft train,
taking into account the inertias, torsional parame-
ters and mechanical damping of individual rotor sec-
tions.

The subsynchronous resonance studies should provide
information on :

- adequacy of the SVC rating
- appropriate control system and its parameters

~ benefical effects of the SVC in controlling and
preventing subsynchronous rescnance.

3.6 ELECTROMAGNETIC TRANSIENT STUDIES

An abrupt change of the steady state, such as the
actuation of a switch, inception of a fault, or chan-
ge of a reference value, will induce transients in
an electrical power system. Although a power system
is in a quasi steady-state most of the time, 1t
must be designed tc withstand the stresses which
usually occur during transients. These stresses can
include transient overvoltages, overcurrents and
distorted waveforms. These effects may cause break-
down of insulation, saturation of transformers, me-
chanical or thermal damage to plant and maloperation
of measurement, contrel and protection systems.

Since the transients involve interaction of magnetic
and electrical fields, these phenomena are called
electromagnetic transients. SVCs are able to limit
temporary and some transient overvoltages by their
control or inherent characteristics. It is therefore
important to model the SVC in detail, if the fast
transients are of interest and if interaction with
other power system elements is possible. Power fre-
quency overvoltages can be evaluated, as a first ap-
proximation, by using load flow type {i.e., positive
sequence, P-V-node) models for the SV(s.

Studies to evaluate the real-time behaviour of SVCs
in a power system during transient disturbances can
be performed using analog, hybrid or physical models
(TNA) and/or digital computer programs. The advanta-
ge of the TNA-type models is primarily in the possi-
bility of using the actual SVC control equipment and
carrying out a large mumber of studies in a short
time period.

Since the time domain of interest extends from micro-
seconds to seconds, the models for the network ele-
ments, generators, and SVCs need to be quite sophig-
ticated. Appropriate modelling of saturation, losses,
voltage drops and unsymmetric operation under unba-

lanced system conditions is important. More informa-
tion on SVC medels for electromagnetic transient stu-
dies is included in Section 4.4.

The objectives of the electromagnetic transients stu-
dies related to SVC application can include :

- verification of the effect of the SVC on system
transients, especially on overvoltages (a specifi-
cation problem)

~ determination of the stresses on the SVC equipment
during transient disturtances (partly a design pro-
blem)

- verlfication of the adequacy of the SVC rating for
transient disturbances

- optimization of the control system structure and
Parameters

- the determination of the effect of voltage distor-
tions on the SVC performance, especially on the
measurement and the control system response

- provision of training for the utility staff in the
design and operation of the SVC,

The results of the studies are used to derive requi-
rements to be included in the SVC technical specifi-
cations for the particular application.

3.7 HARMONIC PERFORMANCE STUDIES

Many types of SVC utilising thyristor-controlled or
saturated reactor elements generate harmonic currents.
The objective ¢f a harmnonic performance study is to
determine the effect of hamonics generated by the
SVC on the power system and its elements, to determine
the interaction of the SVC with the system, the SVC
perfomance under balanced and unbalanced operating
conditions and to evaluate countermeasures such as
filters. In order to carry out these studies network
harmoric characteristics at the point of SVC connec-
tion, existing levels of hammonics and appropriate
standards on acceptable harmonic levels need to be
adequately known.

Since harmonic distortions in the system result from
the interaction between SVCs and the system, all sys-
tem contingencies which may affect systen frequency
response should be evaluated. Any tolerances in the
Parameters of the power system model should be consi-
dered to make sure that system parallel resonance
points do not coincide with characterlstic harmonics
from the SVC, Harmonics generated by SVCs are largely
dependent on the operating point within the SVC cha-
macteristic. A conservative approvach is to use the
maximum values of harmonics generated within the spec-
trum irrespective of the operating point. Time domain
simulations will provide more realistic results of the
interaction between the SVC and the system.

As long as the harmonic content in the system voltage
and/or current is small, the power system can be des~
cribed by linear equations with frequency dependent
praramelers which means that any interaction between
the individual harmonics will be disregarded. The
characteristic and non-characteristic harmonics gene-
rated by SVCs can be considered simply as zZero, posi-
tive, and negative sequence current sources if :

- the effective impedance of the network as seen by
the SVC from the point of common coupling does not
have parallel resonmance(s) near one of the genera-~
ted harmonics

- the control does not amplify the harmonics due to
resonance

— the thyristor control and synchronisation is opera-~
ting preoperly.
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Harmonlc performance studies are generally carried
out by means of digital computer programs on a 1li-
near, quasi-stationary (complex), balanced represen-
tation of the system with hamonle current sources.
Harmonic¢ impedance approximatlons have to be used
for the representation of the power system if detai-
led data is not available. Time domain simulation
can be used in cases where interaction between the
SVC and other power system components may occur lea-
ding to possible harmonlc magnification, high inrush
currents, control interaction and non-characteristic
harmonics. Thus appropriate medelling of the SVC
controls is of importance. The use of TNA with the
actual SVC controller is a good approach provided the
network is properly represented.

The objectives of harmonic perfomrmance studies rela-
ted to SVC application can include the determination
of 3

- the network hammonic characteristic (i.e., impe-
dance versus frequency) required for the specifi-
cation and design of filters

- the effects of SVC generated harmonics on the po-
wer system and its elements

- the overall filter requirements and the counter-
measures to reduce harmonics to acceptable levels.

The results of such harmonic performance studies
provide the input to appropriate SVC design studies.

3.8 FAULT LEVEL STUDIES

The objective of fault level studies is to determine
the short ecircuit current for symmetric or unsymme-
tric faults or the short-circuit impedance at the
point of the SVC connection for varlous network and
system demand conditions. In modelling the network
the admittance approach can be used. The generators
and motors can be represented by simplified models
with transient parameters. The study, besides giving
the most suitable rating of circuit breakers, provi-
des relevant information for the overcurrent and fault
protection coordination as well as the initial deter-
mination of SVC controller parameters.

3.9 COORDINATION, OPTIMISATION, LOSS AND COST EVALUA-
TION STUDLES

In order to ensure the correct cheice of SVC ratlng
and appropriate coordination of SVC output within the
power system, optimisation and coordination studies
are carried out as part of the load flow, transient
stabllity and steady-state stabllity studles in the
detailed system planning stage. The optimisation stu-
dies which can be carried out by successive load flow
or appropriate optimal load flow studies provide in-

formation on the adequacy of the chosen SVC rating to
neet the particular voltage and system contingency
criteria, under system steady-state conditions prier
to and following system contingencies. The appropria-
te SVC rating selected from these studies needs to be
checked to ensure it satisfles the transient and
steady-state stability performance requirements envi-
saged for the SVC. Iterations on sets of these studies
will yield the most appropriate i.e., optimal rating
of the SVC satisfying all criteria and performance re-
quirements. These studies can also yleld appropriate
information on the coordination of SVC output under
various system demand and contingency conditions with
other reactive power sources in the system and espe-
cially in the vicinity of the SVC. This would ensure
that SVC does not act in conflict with other reactive
POWET SOUrCes.

An examination of the time duration of particular po-
Wer system operational and/or contingency condition

permitting the outage of the whole or part of the SVC
will provide insight to the avallability requlrements.

The information for loss evaluation studies is gene-
rally obtained from the many load flow studies car-
ried out in the detalled planning stage. These studies
will need to assume the SVC with the chosen rating in
service under varlous system conditions in crder to
establish the most common operating points/regimes of
the SVC together with the corresponding duration of
operation under such conditions. This information
would be valuable to the manufacturer in designing
the SVC with minimun losses under most common opera-
ting regimes. Following the completion of SVC design
by the manufacturer, the loss characteristics of the
5VC will be made available to the utility together
with the equipment cost to enable an overall tender
evaluation based upon costs of equipment and SVC los-
ses over the expected life.

3.10 SUMMARY

The power system studies carried out for SVC applica-
tions do not differ substantially from studies car-
ried out for conventional reactive compensation alter-
natives such as switched capacitors and reactors and
synchronous compensators. The speed of response of the
SVC due to inherent or control characteristics makes
it a powerful tool in terms of overall power systenm
design. In this sense it is necessary to carry out suf-
ficlent studies covering as wide a planning horizon as
possible in determining the functlonal requirements of
the 3VC.

The study and analysis techniques are well established
and the inclusion of appropriate SVC models, described
in Chapter &4, should ensure satisfactory evaluation of
the SVC functional as well as performance requirements.
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CHAYTER &

MODELLING OF STATIC VAR COMPENSATORS IN YOWER SYSTEM STUDIES

L.3 INTRODUCTION

Power system studies reguired to evaluate the need
and develop specifications for static var compensa-
tors (SVCs) have been described in Chapter 3. It is
clear from the information presented in Chapter 2
that the power system and 5VC modelling requirements
for these studies are dependent on the type of study
being performed. The objective of this chapter is to
describe these modelling requirements in more detail
for the various types of studies.

For each type of study, there are basic modelling
requirements which must be satisfied. This chapter
describes the general assumptlons which are associa-
ted with the basic model, extensions and refinements
to the model for specific analyses, and techniques
for implementing the model in typical study tools
available. Examples of the model application are in-
cluded where appropriate.

4,2 MOIELS FOR LOUAD FLOW STUDLES
4.2.1 General Requirements
SVC models for load flow studies should represent :

- the steady-state, fundamental frequency, balanced
behaviour of the SVC, i.e., the static characteris-
tic expressing total reactive SVC current as a
function of the SVC terminal voltage at nominal
frequency, balanced terminal voltages, etc., inclu-
ding control limits.

Tnis model is sufficient to evaluate the steady-state
fundamental frequency behavicur of any SVC, both with
active and inherent control.

Three-phase modelling is required only in applications
where the SVC is installed to balance voltages, reac-
tive or active power loads, i.e., when unbalanced net-—
works and locading conditions are to be analysed.

4.2.2 Description of Basic Model

The loads or generators connected to system busbars
are represented in standard load flow programs as :

-~ loads or generators with specified active (P) anad
reactive power (Q) - (FPQ-node)

~ generator with specified node voltage (U) and ac-
tive power (P) where the reactive power (Q) is not
specified, but varies within set limits - (PV-node)

~ shunt elements with specified admittance (G+jB) or
complex power {P+jQ) connected to nodes.

These standard load flow program features are used in
modelling a generalised SVC.

The steady-state characteristic of a generalised SVC
describes the relationship between the terminal vol-
tage (U) and the total reactive current (I), both
within and outside the control range as shown in
fig. 4.1,

The load flow representation depends on whether the
SVC 1s operating within or outside the control range.

With the reactive power Q flowing into the SVC at the
point of common coupling, and (B) the equivalent sus-
ceptance of the SVC, the sign conventions for the
load flow analysis will be as follows

Q > 00r B < 0 means that the SVC is behaving like an
inductor

Q < 0or B > O means that the SVC is behaving like a
capacitor

u Veohage

— — — —

Control

Bmax Vd
! - e A
= s I
I I
Trin Tmax  [=Omayl Isyg
=Cmin Ymin Total SYC Current

Fig. 4,1 Basic SVC characteristic

4.2,2,1 SYC Operating within the Control Range
(Imin <ISVC <Ima.x'U <Umin)

If the slope SL of the steady-state characteristic
is zero, the 5VC 1s represented as a PV-node (P = 0
and U = UrefJ at the point of coupling to the systenm.

Otherwise, the SVC is represented as a PVenode at an
auxiliary bus with (P = 0 and U = Uref)' A reactance

of (XSL) equivalent to the slope SL (Xg; in pu = SL

in pu) 1s added between the auxiliary node and the
point of coupling to the system (SVC-node) to repre-
sent the slope of the characteristic. The node at the
point of common coupling is a PQ-node with initial
conditions P = 0 and Q = 0, as shown in fig. 4.2,

PQ Node :_P=0. Q=0

SVC Node
Isvc

XgL (=iSY

P=0 U= Uref
Auxiliary Node

PV Node

SVC

Fig. 4.2 SVC model with slope for operation within
control range

4.2.2.2 SVC Operating Outside the Control Range

(U <Umin and IS‘«’C) Imax

The 5VC is represented as a shunt element with the
susceptance (B), depending on the operating point
(see fig. 4.3) ;

2
forISVC 7 eyt B= Bpin = - Qmax/U max

_ _ -4
in® 37 Bmax = = %'V nin

for U < U
m



— 30 —

PQ Node: P=0Q=0
2 . SVC Node

iB{=

Isve

B min for I>1,
iBmay for-U<u

min

Fig. %.3 8YC model with slope for operation ocutside
control range

The result of the load flow calculation will be the
reactive power Q at the point of common coupling
(i.e. HY side of the SVC step down transformer) ne—
cessary to maintain the voltage U according to the
SVC characteristic for a given network and loading
situation.

These basic models are sufficient to determine the
required SVC rating lrrespective of the SVC type and
to evaluate the effect of the SVC without considering
transfomer saturation.

It should be noted that, the PV¥-node with Q-limits
(%in and qlna.x) type representation, is not appro-

priate for representing an SVC under overload condi-
tions. With such a representation the behaviour will
be incorrect cutside the control range as illustra-
ted in fig. 4.4,

PQ Node P=0 Q=
Isve

o SVC Node

JXsL
Qmax<°<0min V
=0 V4

Voltage g U
PV Node

— — — Normal SVC Characteristic

Inappropriate reprasentation of
SVC as a PV Noda with Q Limits

— A —

— AN

Total SVC Current

Isve

Fig. 4.4 I1lustration of inappropriate SVC model for
load flow studlies

L4.2.3 Extensions and Refinements to the Basic Model

More detailed models should consider both the slope
of the static characteristics 1n the control range
and the limits of the characteristic in the uncon-
trolled range in one model so that no external inter-
action is required during the simulation.

Thig feature does not exist in a standard load flow

program. 1t requires a modification of the node type.
There are several ways to provlde a node element ha-
ving the standard SVC characteristic shown in fig.h.l

4.2:3.1 Modelling as Voltage Controlled Susceptance

Depending on the voltage U at the SVC node, the sus-
ceptance (B) is increased or decreased stepwise ac-
cording to the exrror (U ~ U f) until one of the

Box OF By, linits is viold¥ed. The accuracy of the

model is limited by the number of steps in (B) as
shown in fig. &.5.

1] SVC Nade

L=

Voltage

min

B
s ?< Powar Systam
/ .::cnmm.ishc

/7
g, 7

Total SVC Currant

Igve

Fig. 4.5 SVC model for load flow and time domain si-
mulation with stepwise control of susceptan-
ce (B} (see fig. 2.22)

4,2,3.2 Modelling by Functions § (U)

The dependency of the reactive power output Q of the
SVC on the terminal voltage U as represented by the
static characteristic shown in fig. 4.1 which can be
expressed either in tabulated form or as an analytical
expression and included in the load flow equations.
In load flow programs based on the Newton-Raphson
algorithm, this is accomplished by including the de-
rivative of the SVC reactive power with respect to
voltage (3Q/0U) in the Jacobian matrix. The value of
this derivative will be updated at every step of the
iterative solution procedure, based on the computed
voltage at the SVC node. No problems are generally
encountered with this technigue as long as appropria-
te convergence control is used.

The dependency of the SVC reactlve power output Q on
the terminal voltage U is given by the following ex-
pressions for the static characteristlc shown in
fig. &4.1.

Q= (U~ Uref) + U/ Xy within the control range
Q=-8 .12 outside the control range
with B = B or B
maX min

4.2.3.3 Modelling as Controlled FV- and PQ-node

The basic SVC model shown in fig. 4.2 can be comple-
mented with a control procedure, controlling the na-
ture of the SVC load at the auxillary node.

Based on the SVC current, which can be calculated as
the current between the SYC node and the auxiliary
node, the control procedure will decide whether the
load at the auxiliary node will be a PV-node or a
constant admittance load as shown in fig. 4.6.

) SVC Naode
PO Node ¢ P=0 Q=0
Igve
Xgy I
SVC U
Auxiliary Node =0 l Control I
Q
sSvC -

Fig. 4.6 SVC modelled as a controlled load
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As long as the SVC is operating within the limits

1 and U + the auxiliary node will be of the FV-
max min

ith P = O U=10 .
type wit and ref

& P@-type of load will be used with P = 0 and ungpe~
cified veltage U if the SVC is operating outside the

PR .T y i -
limits Imax or Umin he reactive power @ is depen

dent upon the voltage U {calculated in the Previous

iteration} and the SVC overloading. For ISVC-BImax'

the reactive power Q is set Q@ = -B . Uz, while for

U <Umin is set to @ = _Bmax

to be switched back to the PV-type as soon as the
SVC is back to its nommal operating range during the
next iteration.

min
. U2, The node type has

4.3 MODELS FOR LARGE AND SMALL DISTURBANCE STUDIES

4.3.1 General Requirements

SVC models for small disturbance, transient and dy-
namic stability studies should represent the positive
sequence system behaviour, including control action.
Electromagnetic transients in the network and SVC
components can be ignored in these studies as long
as the disturbances being evaluated are the result
of electromechanical oscillations.

SVC models for subsynchronrous resonance studies,must
accurately represent SVC characteristics under
steady-state, dynamic and transient conditions. Thus
similar SVC models to those used in electromagnetic
transient studies are recommended for subsynchronous
resonance studies.

%4.3.2 Description of the Basic Model

Digital computer programs for transient stability
and small disturbance studies are based on the node
admittance approach using lumped elements with nomi-—
ngl frequency parsmeters to represent the network.
Generators are represented as current sources model~
led by Park's equations with detailed representation
{e.g., damper circuits, saturation) depending on the
requirements. Generator control models include ade-
quate representation of the small and large distur-
bahce behaviour. Loads are represented by constant
or controlled susceptance or current sources.

The basic model of the SVC folleows the classical re-
Presentation of generator control. This generalised
tasic model which is described in tems of thyristor
controlled/switched type SVCs is also applicable

to all other type S¥Cs with appropriate modifications
to the block diagram.

The basic model consists of the following elements as
illustrated in fig., 4.7

~ a voltage and current measuring and filtering sys-
tem (H}

- an EVC regulator (Gy} including possible additional
signals fed to the reference point or directly into
the thyristor controller

- elements (A1) and/or (A2} to represent the effect
of additional control signals used for system dam-
Ping improvement, etc.

- a model of the thyristor control (Gp) with limit
and nomalising functions for the output, according
to the rating of the SVC

- a synchronising control unit (G3) acting on the vol-
tage phase angle to synchronising firing pulses

~ an §¥G-model (or interface with the power systea)
consisting elther of a controlled susceptance or a
controlled current source.

In gtudies concerned with electromechanical oscilla-
tiens, the effect of thyristor valve firing pulse

synchronising controls (phase-locked loops) on the
overall control response can be neglected. However,
if this is considered necessary then representation
of these effects through the element (G3) is possible.

MEASURING
_ | stoee AND | Isvg
Il_ - Xgy FILTER CIRCUITS 7
H
| I
| MEASURING ]
| AND ——
1 FILTER CIRCUITS ¢t fSynchronising] arg (U} |
1 H 1 Contral T T T |
! Lot |
[ L
\ I Tove |
al+ THYRISTOR +| svG
REGULATOI PHASE CONTROL MODEL
Upes Gy G [+ {Interface)
+ + 2 u
‘ ’ bB(B 0
I‘F i |
] i
Ay e
% T- 4

Additional Control Signals {(£,P.w)

Fig. 4.7 Basic SVC model for small and large distur-
bance studies

The characteristics of the measuring and filter cire
cults can be approximated by the transfer function :
H=1/{1 + st J

1f no specific filters with appreciable time cong—
tants are applied in addition to the filters associa-

ted with the measuring circuits.
The transfer function G| of the SVC regulator (AVR)
can be represented by :

Gy =K (1+ sTy) 7 (1 +sT) {1 + slz)

for a proportional type contrcl and

Gy = K (2 + sty / T (1 + sTp )

for an integral type control system, each containing
a lead-lag compensation term.

In case of an integral type voltage controller the
slope SL is incorporated inte the SVC characteristic
by a current feedback (XSL . ISVC)' or reactive po-

wer feedback term (XSL . QSVC) in practice, as shown

in fig, 4.7. In case of proportional type voltage
controller the current feedtack is not required as
the slope is modelled by the gain K.

Additional control signals related to system frequen-
¢y or power flow may be incorporated into the overall
control by means of the transfer functions (Al),(Az),
ete,

The control representation should include the correct
representation of integrator action (non-wind-up,see
definition 9.6.14) and all limits applicable to
transfer function blocks and control circuit quanti-
ties, If such limits are not correctly represented,
serious errors are likely to be experienced in stu-
dies, due to extra time delays associated with incor-
rect representation of limits,

The thyristor phase control is represented with the
transfer function

Gz=(s_STd)/(1"’STb)

where Ty is the gating transport delay and Tb is an
additional time constant representing the effect of
the thyrister firing sequence control.

The non-linear relationship between the SVC output
(B) and the firing angle is compensated by means of
a linearising function in the thyristor phase control




circults. The above transfer function for the thyris—
tor phase control is therefore linear taking due ac-
count of this compensation.

The cutput of the thyristor phase control block is
limited such that the control signal (beta) into the
SVG model remains within the limits :

1‘>(heta)> Bmin / Bmax

with 2 2
Bma_x == Qﬂmtedfu rated =- Qﬁﬂinlu min
) - . )
Spin T T L'ma.x/U max

according to the rating.

The firing pulse synchronising controls can be model-
led by a second-order delay, represented by the
transfer function

o .
Gy = s(1 + =T LKs + (1 + STSJJ
acting on the control signal {beta)} depending upon

the normalised voltzge phase angle, arg (U), accor-
ding to the SVC design.

The SVG model (or interface) has to convert the out-
put signal of the control (beta) into a controlled
network element connected to the SVC node.

There are two ways 10 model the SVG or interface it
with the network :

(a) as a variable susceptance B = (beta).Bmax
(fig. 4.8a), such that the SVC current Igy.

depends on the control output (beta} and the
voltage U :

Igve = j(beta).Bmax.U 1
(b) as a controlled current source (fig. %.8bJ,
with the same characteristic :
ISVC = J(bEta)'Bmax'u
Isve Isve
beta u beta 1
S
(a) (b}

Fig. 4.8 Bastc SVC models for small and large distur-
bance studies (a) susceptance model (b cur-
rent source model

In temms of overall SVC simulation the susceptance
and current source models are equivalent. However,
considerable differences exist with thelr implemen-
tation in computer programs. For the model in fig.4.8a
the admlittance matrix has to be updated if (B) chan-
ges,while the model in fig. 4.8b permits the use of
constant admittance matrix.

The parameters of the basic model have to be selec-
ted according to the SVC rating and performance cri-
teria taking into account the power system behaviour
under various operating conditions and the SVC res-
ponse under such conditions.

The basic SVC model shown in fig. 4.7, is suitable
for modelling the electromechanical transient perfor-
mance of any type of 5VC in conjunction with the
response of the network model. Typical values for the
various SVC model parameters are given in Table 4.3.1.

Table #.3.1

:Tsypical parameters for SVC models

Parameters Simg%éfiEd TCR, TSR, TSC SR

| LCC,8CC
K LOL, . H0O bo,,.. 400 1/8L
7 0,05..0.15s 0.05..0.15s |0.015..0.02s
Ty ¢} O.58 -
To o 1.0s -
Ty o 0.001s -
Th 0 0.003..,0.006s| -~
Tm 0 0.001..0.005s -
K, 0 0 -
Ty 0 0.06s -

Values of 40 to 400 are typical for the gain K with
the input of the controller (U-U f) expressed in per
unit (pu) on the base of the SVC™® rating. High va-
lues of K may cause control instability, depending
on the equivalent power system reactance Xg.

Based on the simplified model as described in Section
4.3.4 an estimate of the gain K in pu can be derived
by means of the following formula :

KLt « Bl * xe) 2/xe

1f the controller is a proportional itype controller
then the gain K defines the slope of the static cha-
racteristic as :

Xg, = L/K
omitting the current feedback (‘st'Isvc} in fig. 4.7,

In small and large disturbance studies related to elec-
tromechanical problems with eigenfrequencies up to a
few Hz the thyristor centrel block and the synchroni-
sing control can be ignored. The time constants Ty
and Tz can be ignored in the initial phase to study.

At the start of the simulation, the current ISVC or

U the susceptance B and the control value {beta) have

{0 be determined according to the initial conditions
given by the load flow study.

The performance accuracy of the basic SVC model is
limited to electromechanical oscillations as the
transformer tems (di/dt) in the network equations
(i.e., the dc-components in the currents), are neglec-
ted. Thus any interaction between the contrcl system
and the network at hamonic and sub-harmonic frequen-
cies is disregarded by this model.

Any transmission system resonant frequencies close to
the fundamental may need to be filtered as they may
adversely effect the contrel system response.

The model can alsoc be used for subsynchronous resonan-
ce studles provided the transformer terms (di/dt) are
represented in the network equations.

4.3.3 Simpler SVC Models

For first swing, post-fault transient stability stu-
dies where the damping of the electromechanical os-
cillations is not important, a simpler SVC models can
be used with either :

- a steady-state characteristic expressed as a func~
tion of voltage i.e. I = £ (U)
or SVQC
— a switched shunt reactance, generally a capacitor,
vwhich is voltage dependent
or
- a simplified basic model with a proportional control-




ler : K= 20,..106, T = 0, and (beta) with or wit-
hout 1limits.

In the case of a model with limits, the size of the
SYC can be selected by means of load flow studies
considering the power system peak loads at which
maximum generator voltage angles across the system
are expected.

4034 Simplified Transfer Function Block Magram for
SVC and Power System

For power system stability studies related to the
voltage control at the point of the SVC connection
to the system, a simplified block diagram of the SVC
and the power system might be sufficient. This sim-
plified system might be used to verify the adequacy
of the control parameters.

For this situation the power system is represented

by a source voliage E, in series with a equivalent

system reactance X _in pu, normally derived

from the three—phage short-circuit fault MVA infeed
from the power system at the SVC busbtar as follows.

z . .
Xe = (U rated’ Sg) » {MVA base}
where S = three-phase short~circuit fault MVA infeed
at the SVC node U = nominal line-to-line
voltage

MVA base =
study

Tated

Base MVA used in the power system

The reactive current output of the SVC {either capa-
citive or inductive) produces ar “in-phase” voltage
drop (—Xe . ISVC) which means that, with the source

voltage E at a constant value and the SVC not on
closed-loop contrel, the terminal voltage will vary
depending on the reactive current drawn by the SVC
as shown in fig. #.9.

r— - - - L
! J%e !

U Il
| !
Isve | l
ul | |
sSvC | I

Uref +
I I
IPOWERSYSTEM _ )
Voltage , |y

SVC Characteristic
an

1
|}AUL
—
| Power System

Characteristic

* Igvg

I Tmax
Total SVC Current

Fig. 4.9 Simplified power system model and SVC cha-
racteristic

The voltage varlatlon at the SVC node within the SVC
control range I . < Iguc < I, 1s defined by the

combination of :

(1) Tre power system characteristic; representing
the voltage variation due to the equivalent
power system reactance by the equation

U=E - Xe . ISVC
and

the SVC control characteristic; representing

the compensation provided by the SVC in res-

(41)

pohse to voltage variations by the equation

U=y

+
ref X . I

SL = Vier *

sSvC ef ISVC
the power system and 5VC control

SL .
Assuming E = Uref
characterigtics intersect at zero SVC current as
shown in fig. 4.9. It is clear that with the SVC
contrel range if UL = XSL ax 1r€4s if XSL = Xe
then the SVC provides full compensation, if however,
XSL< X, then the SVC provides partial compensation

el

for the voltage drop due to the power system charac-
teristic. Full compensation by the SVC allows flat
voltage control of the veltiage U while partial com-
pensation results in a voltage characteristic with a
droop related to the slope reactance {i.e., =lope of
the SVC control characteristic) defined as :
= = = . = I

SLOPE = SL Xy, AUC/Imln AUL/ max
The resultant voltage control achieved by full and
partial compensation are illustrated in fig. &.10.

(2] BVC Characteristic tar

Voltage g U
full voltage compansation

13 $VC characteristic for
fimited valtage compensation
e /

{4} Flat voltags sontrol due ta {1}

] and (2} i.e. full compensation

{5} Voltage contral with droop
dua to (1] and (3] ie. limitad

compensation

|(1; Power System
Characteristic

[— 1, AN

Lmax Isve
Total 5VC Current

Fig. 4.10 Control of voltage U obtained with SVC cha-
racteristic adjusted to full or limited vol-
tage compensation (E = Ut

The block diagram of the closed loop voltage control
for the SVC, having the characteristic given in

fig. 4.10, is shown in fig. 4.11 with G and H as de-
fined in Section 4.3.2.

CONTROLLER 1

AND B sVC x

VARIABLE ¢ =

= SUSCEPTANCE
G

— !

MEASURING

Yref +

FILTER CIRCUITS
H

Fig. 4,11 Block diagram of SVC with closed-leop ter-
minal voltage contrel

A simplified block diagram of the closed-loop voltage
control can be derived assuming the terminal voltage

U deviates only slightly from its nominal value U ted
as shown in fig, 4.12, rate

The transfer functions G and H of the simplified sys-
tem shown in fig., 4.12 can be generalised as follows
in per unit (pu) on the base of SVC rating :

G = K(1+sT,).e™1d /(1+sT) (14T

H= 1/(1+srm)
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CONTROLLER

AND Isve

VARIABLE e -

SUSCEPTANCE
G

Uref &

MEASURING
AND

FILTER CIRCUITS
H

Mg, 4.2 Simplified block diagram of SVC with closed-

loop termminal voltage control for U = Urated

The slope of the steady-state characteristic is re-
lated to the transfer function gain K by :

K= /%y = Lpy/ DU = Ingy/ AU

Defining Ibase = Qrated/( 3. Urated) and Ubase =

Urated then the gain X in pu and the external reac-
tance Xe is given by
_ 2
K(pu) T (ICmax A rated)/(uc * Qrated)
Xe (pu) = Qrated/sc
where

rated reactive {capacitive or inductive)
power output of the SVC (MVar)

Qrated =

U teq = Tated line-to-line voltage of the SVC (kV}

c = three-phase short-circuit fault MVA infeed
at the SVC node

Imin or Imax = maximum capacitive or inductive cur

rent of the SVC (kA).

A small change in the terminal voltage AU, as a func-
tion of the source veoltage change AE and reference
voltage change AUref can be expressed as :

U=(4E+G . X, .AUref)/(l *G LK . H)

This indicates that the equivalent system reactance
Xe representing the power system has as important an
effect on the dynamic behaviour of the SVC, as the
contrel gain K. Therefore, the value of the gain K
which can be used is limited, especially in week po-
wer systems with a large equivalent reactance X, to
ensure stable response from the SVC control _syStem
(see also Section 7.2). In more detailed stu-

dies the frequency dependency of Xe has to be consi-
dered as well, especially in cases where parallel re-
sonances may already exist at or near even hammonic
frequencies (2nd, 4th, etc.) in the power systenm.

Example : Consider an SVC connected to a power system
with the following data :

SVC 1 Q, 4 = 45 MVA
XSL =0.2% T =0.02s
T1=T2=0 T

T, = 0.0008s
g = 0.0027s  0.0055s
5, = 4000 MVA

the above equations yield a steady-state gain K = 500
pu and an equivalent system reactance X =0.01125 pu
on the bage of SVC rating. €

Plots of the magnitude and phase shift of the open
loop transfer function (G.X,.H) for the above exanple,
as a function of frequency are shown in fig. 4.13. As
the combined SVC and control gystem was found to be
stable, no phase compensator network was required in

the controller {i.e., T1 =T, = 0).

Power System s
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A 1i1+277103s WL [[1+ 025 _1+-00088
g8 DI e~ T
T
[ | |
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Frequency Hz

Fig. #.13 Magnitude and phase shift of the open loop
transfer function (G.X .H) for the SVC and
power system given in e example

The response of a (TSC + TCR) type compensator, with
a single (TSC) vank and characteristics given in the
exanple, to a step-like voltage chapge is shewn in
fig. %.14 with Td = 5,55ms.
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Fig. 4.1t Response of the {TSC + TCR) type compensa-
tor, with a single (TSC) bank and charac-
teristics given in the example, to a step~
like change in the source voltage E, with
the main regulator time constant Td=5.55MSec

Calculations on the SVC and control system characte-
ristics can be carried out on any base MVA chosen for
a particular power system study. However, care will
need to be taken to calculate all quantities on the
same basis for consistency of results.

4 &4 MODELS FOR ELECTROMAGNETIC TRANSIENT STUDIES
4.4.1 General Requirements

SVC models for electromagnetic transient studies must
accurately represent the SVC characteristics for
steady state, dynamic, and transient conditions. Stu-
dies in the specification development and design sta-
ges must evaluate the interaction between the SVC
and the network for many different transient condi-
tions. The time frame of interest for these condi-
tions ranges from microseconds to many seconds. Im-
portant conditions to be evaluated, which require de-
tailed representation of 5CVs within the network,
include :

- gystem switching events, such as transmission line
switching, transformer switching, filter switching,
etc.

~ fault initiation and fault clearing, including un-
gymmetric faults

- load rejection

- interaction of the SVC controls with the power sys-—
tem, which can result in harmonic resonance condi-
tions.
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The appropriate tools for studying SVC performance
under electromagnetic transients conditions include
analogue, hybrid {partly analegue and partly digi-
tal) and completely digital models. Analogue or hy~-
brid models for the power system and the SVC might
consist of :

- power system components {lines, transformers, gene-
rators, etc.) simulated by means of physical ele-
ments {resistors, inducters, capacitors, etec.)
and/or electronic devices (generators, circuit-
breakers, arresters, etc.)

- combination of physical elements/electronic devi-
ces with digital assemblies like minicompuiers,
microprocessors eic., for simulating controls and
poewer system components.

Fully digital simulations are carried out by suita-
ble computer pPrograms.

Important requirements for the power system repre-
sentation in electromagnetic transient studies in-
clude :

~ three phase representation
- accuracy over a wide frequency range

- representation of non linearities of system
elements and controls

~ time domain simulation

- accurate modelling of system elements (generators,
iransformers, transmission lines, cables, SVCs,
controls, breakers, HVIC converters, filters, etc.)

Modelling of system elements for electromagnetic
transient studies has been described in the techni-
cal literature. This section will concentrate only
on SVC models for these studies.

& ,4.2 Description of Basic Models

As indicated above, for electromagnetic transient
studies all the SVC components must be accurately
represented in the time domain. Eepresentation can
be completely analegue, a combination of analogue
and digital, or completely digital depending on the
simulation tool being employed. Important characte-
ristics of each component which must be represented
are described in the following sections.

4.4.2,1 Inductive and Capacitive Elements

The inductive and capacitive elements in the SVC can
include reactors (TCR, TSR, or MSR), capacitors (FC,
TSC, or MSC), transformers (TCT), or saturated reac—
tors (SH). In completely digital simulations, these
devices are represented by differential eguations
which are sclved using numerical integration techni-
ques, such as the trapezelidal rule. With power sys-
tem simulators, analogue or electronic models can be
employed.

4%.4,2,2 Linear Reactor Models

Models of linear reactors are applied o represent :

- thyristor controiled or thyristor switched reac-
tors

- current limiting reactors used in TSC banks
- reactors used as filter components

- mesh and mesh-loading reactors used as components
of saturated reactors

- leakage and saturation effects in transformers and
reactor-transformers

Physical reactor models utilise magnetic cores with
alr gaps making thelr remanent (residual) magnetism
negligible. The quality facteor of such reactors (/R
up to 50) is adequate in many applications. Improved

reactor models empley electronic negative resistance
circuits for compensation of excessive copper losses
of the reactor windings.

Digital models for reactors use the appropriate diffe-
rential equations to represent the linear inductance
and resistance of the reactor.

L.4.2.3 Saturated Reactor Models

Basic models of twin-tripler and treble-tripler satu-
rated reactors consist of both saturated and linear
reactors. & typical treble-tripler reactor model is
shown in fig. &.15,
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Fig, 4,15 Treble-tripler saturated reactor model

It consists of nine saturable reactors with their co-
res and windings {Nj, Ny, ¥, and N4) scaled down to
provide a saturation knee-point at”the voltage level
around the simulater operating voltage. Three linear
reactors (LS) are added to the saturation reactance
to achieve the required impedance (5% to 15% on ra-
ting}. The mesh reactors (Ly) are modelled by three
other linear reactors or an appropriate more detailed
model connected to the temminals Aj, By and Cy.

In physical models, the saturable elements are model-
led with actual saturable cores made of appropriate
nagnetic material to give the required magnetizing
characteristics while tapped windings can be employed
to vary the saturation knee-point. Coprer and core
losses of these saturable cores can be somewhat hi-
gher than in reality, resulting in greater damping of
transients. Because the core characteristics are
fixed 1t is usually difficult to obtain precise mo-
delling of a given saturation characteristic. However,
the approximation obtained is usually sufficiently ac-
curate. Improved models of saturated reactors employ
electronic negative resistance circuits te compensate
for excessive copper losses.

In digital models, the saturation characteristic is
generally represented by a plecewise linear U-I curve
(or B-H curve), either with or without hysteresis.

At each time step, the program must iterate to a so-
lution which satisfies this and other non-linearities
in the system. This pemits more accurate modelling
of the magnetising and saturation characteristic. In
electromagnetic transient studies utilising digital
models, the time step must be selected carefully such
that possible numerical instabilities around the knee-
point of the curve are avoided.



Two-Winding
Transformer Model

L .24 Transformer Models

fasic physical transformer models consist of inter-
connected saturable and linear transformers and re-
actors. Exanples of physical models are illustrated
in fig. L.16.

[
> +4P 4P4

Reactor-Transformer  Three-Winding
Model Transfarmer Model

LD A

Multi-Winding
Transformer Maodel

Fig. 4.16 Transformer models

Each three-phase model consists of three saturable
and three linear transformers with their windings
connected in series. Three linear reactors are con-
nected in parallel to the linear transformers to re-
duce the net reactance to the required saturation
reactance of the transformer model. linear reactors
in series with the transformer windings are used to
achieve the desired leakage reactance. The indivi-
dual windings are interconnected according to the
transformer connection (i.e., wye—delta, delta-wye,
ete. ).

The physical model of the reactor-transformer incor-
porates three additional linear reactors connected
in parallel with the saturable and linear transfor-
mers in order to decrease the magnetising reactances
of the model 1o the desired level.

The transformer models for SCC and LCC compensators
employ saturable and linear transformers with multi-
rle secondary windings interconnected to provide the
required number of three phase windings, phased equi-
distantly within the range of 0 to 60 electrical de-
grees.

As with saturated reactors, physical models of trans-
former saturatlion characteristics must necessarily be
approximations of actual characteristics. Approxima-
tion can include inaccurate characteristics around
the knee-pnint and higher than actual losses. Appro-
ximations achievable with digital models are general-
1y sufficient for evaluation of both dynamic and
transient SVC performance. Improved physical models
employ electronic negative resistance circuits to
compensate for copper losses. Further improvement can
be obtained by using three limb cores instead of
three individual cores for better modelling of trans-
former inrush current phenomena.

Another technique makes use of a combination of 1i-
near and saturable reactances and semi-ideal trans-
former. The transformer as well as the power system
modelled is viewed from the terminals of one winding.
Arrangements of such elements for representing a
three-phase autotransformer with a delta winding are
shown in fig. 4.17. These models are sufficiently ac-
curate in most cases.

In the lower diagram of fig. 4.17 the reactance in
series with one of the delta connected windings of
the seml-ideal transformer accounts for the zerc se-
quence flux behavicur of three limb core transfor-
mers.

Digital transformer medels must include accurate re-
presentation of the linear leakage reactance charac-
teristics, coupling between transformer terminals
corresponding to the winding configuration, and the
saturation characteristics. The model can be achieved
with a multi-phase coupled inductance matrix and
Plecewise linear representation of the saturation
characteristics.
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Fig, 4,17 TNA representation of an autotransformer

4.4,2.5 Capacitor Models

Physical models of capacitors in SVC capacitor banks
consist of actual low loss capacitors of appropriate
voltage rating for the simulator belng employed.

Pigital models of capacitors consist of the differen-
tial equation defining the voltage versus current
characteristic.

4.4.2.6 Thyristor Valve Models

Fhysical models of thyristor valves generally consist
of actual bidirectional thyristor pairs. The model
thyristors must have a relatively negligible holding
current compared with theilr full conduction current.
Equivalent snubber circuits are modelled by passive
components.

Gate turn-off {GTO)} thyristor valves are beginning
to be applied as self-commutated devices in SCC com-
pensators. These valves are modelled either by small
GTC thyristors or by field effect transistors (FET)
which require simpler gate control circuits. Diodes
are connected in series with the transistors to pre-
vent reverse conduction.

Voltage drops across thyristors (1 volt), triacs (1
volt), and diodes {0.6 volts} are fairly constant.
Field effect transistors (FET) exhibit an internal
reslstance of 0.1-1 ohn, resulting in a voltage drop
proportional to current. In proportion to the physi-
cal model operating voltage, the thyristor valve mo-
del voltage drops are generally higher than those
encountered in actual eguipment. In addition, non-
linear thyristor valve models generate a small amount
of harmmonies which are negligible compared with the
main harmonic generation of the TCR, TCT, SCC and
LCC iype SVCs. Despite these inaccuracies, the basic
thyristor valve models are sufficiently accurate for
most dynamic and transient SVC performance studies.

Improved models of thyristor valves employ electronic
circuits for compensation of voltage drops across the
basic thyrister valve models by means of a negative
resistance., An example is given in fig. 4.18.
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C = Leve! Detector

TSW = On-0ff Switch

A = Amplifier

Fig. 4,18 Electronic circuit for compensation of
thyristor veltage drop and reactive ele-
rent losses

The operational ampliflier provides the compensation
voltage. The compensation 1s switched in or out de-
pending on whether or not the thyristors are conduc-
ting. The same circuit alse compensates for excessi-
ve losses in associlated reactor or transformer win-
dings because it functions as a negative resistance
equal to -R = r. {Ry + Hz)/Rl.

Other sclutions might be adopted where electrcnic de-
vices can be utilised as general purpose switches to
represent AC breakers or thyristor valves. An exam-
ple of a practical sclution of this type is shown in
fig. %.19 where the power section of the device con-
sisting of a dlode bridge is fed by a controlled cur-
rent source. A much smaller current flowing from the
TNA meets the small forward veltage drop of the dic-
de bridge given that the diodes are identical. While
the control section may introduce some errors depen-
ding on the goluticn adopted, by utilising the in-
ternal control logic the current source can be pro-
perly started or stopped, closing or cpenlng the
switch provided.

This solution allows coperation with very small cur-
rent because there are no problems introduced by the
holding current.

In digital simulations,thyristors can generally be
modelled as ideal switches with appropriate controle.
However, precautions must be taken in the modelling
to avold numerical oscillations around the current
zeros. During digital simulation of thyristor commu-
taticn, the point of zero current will not normally
fall on a2 time increment. This results in a current
discontinuity which, in combination with a series
inductance, can lead to numerical oscillations.

The numerical oscillation preblem can be resolved by
uging self-adjusting time step technigques which carn
be costly in computing time or in at least two other
ways by @

- improved physical modelling of the thyristor cir—
cuits. The most obvious improvement is the addi-
tion of snubber circuits. The RC time constant of
the snubber circuit should be at least two time
steps.

- "smoothing" the offending signals. 1n circuits in-
volving inductors, the oscillaticns can be damped
with the addition of a dissipative resistor across
the inductor. The system would be critieaily dam-
ped if the resister is sized so that 2L/Rt (t =
time step =ize) is equal to unity.

4.4.2.7 Control Circuit Models

The SVC controls can be represented by the actual
physical controls, by electronic or analogue equiva-
lents of the controls, or by completely digital con-
trol models. Even with real time simulations, micro-
processor technology permits accurate modelling of
SVC controls almost entirely in seftware.

Actual SVC control modules, supplied by the manufac-
turer, can be interfaced with analogue simulaters
that operate in real-time. This is advantageous in
the deslgn and acceptance stages to assure that the
actual controls operate properly for all system con-
ditlens and contingencies.

In the initial stages of analysis, it is beneficial
to have a more general control system representation
s0 that overall ceontroller requirements can be eva-
luated for the system being studied. A digital con-
trol system representation provides the greatest de-
gree of flexibility at this stage. The essential
components of the control are described in the fol-
lowing sections (see fig. 4.20),

POWER SYSTEM
REPRESENTATION

= TNA
|
|
I
I r
INTERNAL I
Le conTROL [*-
LOGIC - TNA
1
1
e — — —
's 4R
Controlled N\ ]/

Current Source

Fig. &4.19 General purpose electronic switch

SYNCHRONISING THYRISTOR SVC
MEASUREMENT CIRCUITS & VALVE INDUCTIVE &
CIACUITS ™ FIRING PULSE MODELS CAPACITIVE
GENERATORS ELEMENTS
FIRING
ANGLES

SVC CONTROL
TRANSFER
FUNCTION

Fig. %.20 Components of contrel circuit medule
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L.,4.2.7.1 Measurement Circuits

The measurement c¢ircuits are required ito provide the
control system with the necessary input signals.The
measurement circuiis should be structured so that
elther individual phase or three-phase average si-
gnals can be used by the control. Important contrel
signals include :

- individual phase and ihree-phase average voliages
- individual phase and three~phase average currents

- individual phase and three-phase average reactive
power.

A block diagram giving an example of a flexidle mea=-
sureiient circull representation is given in fig.h.21.
The signals shown as outputs in this figure can be
inputs to analogue-to-digital (A/D) conversion cir-
cuits for digital control representations.

A — uA
TNA VOLTAGE ABSCLUTE u
VOLTAGE B~ DIFFERENTIAL VALUE 8
METERING € —] AMPLIFIERS . U
N —
| .
SIGNALS A— 4 THREE R
FOR a PHASE AVERAGE L _ U, y0
TIMING c RECTIFIERS
REFERENCE
T - u
& —] 3 phase ractified I I
j— A
TNA CURRENT ABSOLUTE _:
CURRENT B |50LATION VALUE — la|
METERING AMPLIFIERS {Ic|
frm— 1
L] AVERAGE| 1,46
MULTIPLIER L a,
= N
[—{ MULTIPLIER Fitens | o
T_— MULTIPLIER L Qavg

AVG

Fig. 4.21 Measurement circuits for general SVC con-
trol module

The measurement circuits are an integral part of the
overall transfer function of the SVC contrel, usual=-
ly including a low-pass filter for the inmput signals.
This filter can be implemented in the measurement
¢ircuit hardware as variable RC filters, or in soft-
ware as part of the overall transfer function.

Measurement circuits can be implemented for digital
simulations in a similar manner. In this case it is
easy to supply the control system with any power sys-
tem quantity and to process it by the arithmetic/
logic functions which the program must have to ena-
tle appropriate representation of contrels.

4L 4.2.7.2. Main Control Transfer Function

The overall control system characteristic can be re-
presented as a transfer function which accepts one or
more contrel variables as inputs from the power sys-
tem and provides a signal proportional to the requi-
red compenszation as an output. The control variables
used and the transfer function will depend on the ap-
Plication, A generic control system model must be
able to represent the important control system charac-
teristics for any application. The ocutput of the
controller is a signal proportional te the total SVC
susceptance. This 1s used by the "Gate Fulse Genera-
tor"” circuits to generate actual firing pulses for
the thyristors.

The primary requirements of a digital control system
model are accuracy and flexibility. Z-transform tech-
nlques may be used to develop equivalent digital al-
gorithms {difference equations)} for analogue transfer

functions. Errors can be introduced due te finite
sampling time (alias frequencies in the response)
and due to inaccuracy in representing the variables
invelved.

The sampling time which can be used depends on a
number of factors :

- the time regquired to perform the multipliecations
and additions which make up the difference equa-
tion. Hardware to perform mathematical functions
can increase the speed of these operatlons,

- the time required to perform additional control
system functions. These include linearising the
output of the transfer function, decoding the
transfer function output into actual firing angles
and switching commands, implementing current feed-
back loops, and implementing override contrel func-
<tiong.

- the time required to sample the input sigrals. This
depends Pprimarily on the conversion speed and the
multiplexing time of the A/D circuits being used.

Since the response time of the SVC controls is nor-
mally on the order of 1-2 cycles of the fundamental
freguency and the controls must be able to respond
to fast changes in the input signals, a sampling ti-
me of one milliseccnd or less is required to accura-
tely simulate the SVC controls in real time.

In terms of flexibility, the control system model
should have at least the following capabllities :

- simulation of multiple transfer functions for the
main control according to transfer functions pro-
vided in Section 4.3.2

- operation with a variety of different input signals,
as described above for the measurement circuits

- handling of various reachor and capacitor configu-
rations, including both switched and controlled
reactors, thyristor and breaker switched capaci-
tors,and both 6-pulse and 12-pulse operation

- representation of specilal characteristics of SVC
control systems; such as circuits for linearising
the controller output when calculating firing an-
gles, circuits for balancing positive and negative
TCR current pulses, and circuits for override con-
trols. All of these special ecircuits can have im-
portant effects during transient events.

The limitation of a generalised control system model
is that it cannot represent all the details of the
actual SVC controller supplied by the manufacturer.
The generalised model is well sulted for initial
evaluation of control system requirements and SVGC/
power system interaction. Actual SVC controller is
recommended for use in the final analysis especial-
1y if there are gquestions regarding the SVC perfor-
mance.

In digital simulations, the control system represen-
tation is the same as described above, except there

iz no requirement for real time simulation. This al-
lows the time step size to be specified independent

of computation requirements.

4.4,2,7.3 Synchronising Circults/Gate Pulse Genera-
tors

Synchronising circuits are required in the SVC con-
trol to provide reference signals for the gate pulse
generators. This unit should generate and supply pul-
ses to the valves in a correct relationship with the
voltage across them so that :

- proper firing is achieved during transient condi-
tions with distorted voltage waveforms to ensure
satisfactory performance under such conditions,

- generation of non-characteristic hammonics is
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minimised.

Synchronism with the network voltages can be achieved
following different philosophies depending on the
degree of reliance upon the actual system voltages
that is adopted for generating pulses. Digital pro-
gramme simulation of such control sectlon is relati-
vely simple because any type of synchronising and
pulse generator system can, in principle, be model-
led. General purpose analogue or hybrid controls

are generally much less flexible in this respect.
Nevertheless these models, whatever the philosophy
on which they are based, should reflect the present
state~cfwthe-art.

As an example, fig. &4.22 illustrates a general phase-
locked loop circuit which can be used in SVQ con-
trol models.

u PHASE VOLTAGE
——#{DECTECTOR FILTER CONTROLLED
OSCILLATOR
TIMING
REFERENCE
SIGNAL FREQUENCY TIMING CLOCK
DIVIDER SIGNAL
FOR
DIGITAL COUNTER

Fig. 4.22 General phase-locked loop model for digital
control system representation

The phase-locked loop provides both a reference si-
gnal indicating the polnt of voltage Zerc crossing
{fundamental frequency component only) and a timing
signal phase-locked to the fundamental frequency for
actually counting the desired firing angle. Counters
are then used to actually generate the firing pulses.

4.5. MODELS FOR HARMONIC PERFORMANCE STUDLES

4.5.1 General Regqulirements and Assumptions

SVC and power system models for harmonic performance
studies should permit the evaluation of the following
systen concerns and phenomena

- voltage and current distortion and telephone inter-
ference, etc.

- interaction between the SVC components, the filters
and the network

- filtering of harmonies.

Suffictently accurate modelling to study many of
these problems can be achieved with the following
assumpiions :

- the superposition principle can be applied to eva-
Juate multiple harmonic sources

- the SVC harmonic generation characteristic can be
represented by ideal Zero, positive or negative
sequence harmonic current sources with respect to
the network

- a linear system representation can be used at each
harmonic frequency

- accurate load representation may be required to ob~
fain a realistic level of harmonic distortion for
filter design.

4,5,2 Description of the Baslc Model

The basic model of an SVC for harmonic performance
studies consists of an ideal harmonic current source
{single-phase or three-phase symmetrical) with a gi-
ven current spectrum 1 . The magnitudes of the cur-
rents Ip and the order n of the harmonics are depen-

dent on the type of SVC and its operating conditions.
A typical harmonlc current spectrum of a S-pulse
TCR is shown in fig. 4.23.

1
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Fig., %.23 Hamonic currents I_ of a S-pulse TCR re-
lated to the firingnangle and the maximum
fundamental frequency reactive current IL
at full conduction (alsc see fig., 2.11)

Typical levels of characteristic hammonics for dif-
ferent 5VC types, assuming balanced power system and
symmetric ideal operating conditions for the SVC,
are given in Section 5.5,2. These harmonic levels
are obtained assuming a sinusoidal voltage source
and nc harmonic contribution from external sources.

Nan-characteristic harmonies of the order (i.e. de
current, see Section 7.6), 2, 3, 4, 6, 9 and 12 can
also occur due to asymmetry of SVC components such
as reactors and step~down transformers, asymmetry of
thyristor firing angles, or unbalances in the sys-
tem voltages. The magnitude of the non-characteris-
tic harmonics can be estimated if the unbalances

are known. A range of typical values is glven in
fig. .24,

[
(%)
14
0.1
non - characteristic
harmoni
o0 )
1 3 5 7 9 1 13 1

5 n
Harmanic Order

Fig. 4.24 Typical non-characteristic hammonics of
TCR

The response of the power system to harmonics genera-
ted by the SVC depends on the order of harmonics and
the system characteristics. The basic model of the
oWwer system consists of nodes and connecting ele-

ments (lines, transformers, shunts) as shown in

fig. 4.25.
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POWER SYSTEM
+
SVC STEP DOWN
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+
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Fig. 4.25 Basic model for hammonic performance stu-
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Fig. 4.26 Modelling of network elemenis for harmonic
studies

Special attention must be pald to the proper model-
ling of lines, transformers, loads, and reactor im=-
pedances (losses), including appropriate frequency
dependency. An example illustrating the frequency de-
pendency of the time constant of the transformer lea-
kage impedance is given in fig. 4.27.

Frequency dependent parameters for transmission line
models can be obtalned from standard data or compu-
ted by sultable programs based on the physical dimen-
sions of transmission towers, conductor configuration
and ground resistivity. Carson's equations can be
used to determine the frequency dependence of the Ze—
ro sequence parameters.
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Fig, 4.27 Frequency dependence of time constant
(L/R) of the leakage impedance of trans-
formers (typical values, inductance assu-
med to be constant)

Generators are modelled by one port circuits with
the subtransient, transient or synchronous reactance
and resistance according to the study. TCRs other
than the one under considerations can be modelled by
a fixed shunt susceptance depending on their types
and operating points. The capacitive part of the re-
mote SVC has to be modelled by a constant capacitan-
ce.

If the harmonic performance has to be evaluated con-
sidering other harmonic sources beyond the SVC under
consideration, these sources can be simultaneously
applied te the network. The current source model can
satisfactorily account for the behaviour of most of
these harmonic sources such as HVDC links, industrial
loads, and so forth. The phase angle displacement
among the injected currents at different locations
and for each harmonic order is an impertant parame-
ter and different combinations of angles should be
evaluated to verify the acceptability of the system
harmonic levels. A conservative evaluation of system
hamonic levels will be obtained if all harmonic
sources are assumed to be in phase.

If multiple SVOs are present in the system, they can
be represented simultancusly by harmonic current
sources, reasonably assuming that the waveshape of
the current flowing in the harmonic preducing compo-
nents of the SVC is not altered by the rest of the
system. Filiers and capacitors of the SVCs have to
be fully represented.

4.5,3 Extensions and Refinements to the Basic Model

Extension of the basic model should permit evaluation
of interaction between the SVC, the control system,
transformer saturation and the power system.

For this level of simulation, detailed models such
as those described in Section 4.4, are required. In
such cases either scaled extended models on a simula-
tor such as a TNA or hybrid computer, or more accu-
rate digital models, using step by step simulation
in the time domain, should be employed.



CHAPTER 5

FUNCT1ONAL SFECIFICATION OF STATIC VAR COMPENSATORS

5.1 INTRODUCTION

This chapter describes the preparation of a functio-
nal specification for an 8VC satisfying the require-
ments of a particular power system appilcation. Fol-
lowing the definition of technical requirements and
subsequent studles confirming broad characteristics
of the SVC, a functional specification, enabling a
manufacturer to tender for the equipment, is requi-
red. In this chapter the information that needs to
be included in the functional specification to en-
sure adequate information exchange between the sup-
plier(s) and the utility is presented in detail. A
successful information exchange iz important for
clear understanding of the technical requirements
and for equitable assessment of the tenders.

The chapter is divided inte four main sections,with:

- Section 5.2 describing the broad user requirements
for the particular application within
the network,

Section 5.3

describing the detailed user specifi-
cations to define the SVC characte-
ristics enabling the choice of the
SVC type,

describing the information to be
provided by the manufacturer to ena-
ble adequate adjudication of the ten-
der,

- Section 5.4

Section 5.5 describing relevant standards appli=-
cable to major SVC components and
other useful information on SVC per-

fomance.

1

5.2 SPECIFICATION OF BROAD USER REQUIREMENTS AND
SYSTEM DETAILS

In order io emable a manufacturer to offer the most
suitable equipment, the broad requirements of the
particular application, together with a description
of the network particulars which would influence
this choice, should bhe supplied to the SVC manufac-
turer.

5.2.1 Nature of the Particular SVC Application

The user should provide a clear statment of the par-
ticular problem the SVC is intended to solve. Clear

definition of the intended application (transmission
systems, industrial or HVIC) together with the pro-

tlem area{s), namely,

- improvement of voltage regulation and control

- improving the balance of loading between indivi-
dual phases

- pover transfer capacity improvement

- transient stabllity performance enhancement

- system damping performance enhancement

- reduction of temporary overvoltages

- subsynchronous resonance damping improvement

- provision of reactive power to AC-DC converters.

will define the broad SVC control and capability re-
quirements, As the intended application determines
the performance and cpemmting characteristics, de-
talled information about the envisaged role of the
SVC, over a particular power system development pe-
riod, will be very useful., In the following sections
the specification of the SVC rating for the most com=-
mon applications is described in detail. However, in
load balancing and subsynchronous resonance damping

applications the specification of rating may have to
include special considerations and thus expressed in
a different manner.

5.2.2 Characteristics of SVC Envisaged

5.2.2.1 Type of 5VC

User preference for a particular type of SVC,for the
envisaged application, with the reasons leading to
this particular preference should be clearly communi-
cated to the manufacturer.

5.2.2.2 Range of Contrclled Reactive Power

The output of the SVC can be defined as follows as
shown in fig. 5.1 :

a) At rated line to line voltage U

y the rated
rated
total reactive power output is defined as QLrated
in the inductive and QCrated in the capacitive
range.

b) For the inductive range the maximum total reactive
power output QLmaX occurs at the maximum veltage

Umax and, for the capacitive range the minimum to-
tal reactive power cutput QCmin occurs at the mi-

rinum voltage Umin'

Valtage

— OO —

Q,
sV
D rated Q. max ¢

Total SVC reactive power

Fig. 5.1 Definition of the rated SVC output

On a fixed impedance basis the above mentioned SVC
reactive power output quantities are related as fol-
lows :

Urated 2
QLratedeLmax ( U )

max

Urated 2
S%rated %nin (ﬁﬁ_f"")
min

5.2.2,3 Utility Loss Evaluation Procedure

The cost of SVC losses incurred during the operation
of the equipment on the system has a significant in-
fluence in determining the final cost of the SVC to
the user. These losses need to be evaluated for the
range of specific operating conditions envisaged for
the SVC. For loss evaluation purposes, the SVC los-
ses should therefore include the losses in individual
components such as the transfommer, reactor(s}, capa-
citer(s), thyristor valves, cooling system and auxi-
liary equipment forming the particular SVC installa-
tion.
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The basis for evaluating the SVC losses should be
clearly stated by the user. Specification of the to-
tal SVC loss characteristic P, as a function of

tive power output does not allow optimisation of SVC
design. The following method is preferred as it al-
lows flexiblility in optimising the SVC design and
thus reducing the total SVC cost. The user may spe-
cify a stepwise SVC reactive power ocutput duration
characteristic &, = f(Qij, over a given period IAt;

and the capitalised value K of the losses P. On
thls basis the cost of the total SVC losses P, are
calculated as 3

PP 0.,0) . AL,
Cost of Losses = K LER 2
ZAt‘
i
where F (Qi’ ) represent the average losses in the
portion SVC output range at nominal volta-

ge and zero slope.

A typical loss curve for a TCR/TSC type SVC is gi-
ven in flg. 5.2 as a function of SVC cutput. The
horizontal dotted lines passing through points PLA'
and P indicate the mean losses for SVC opera-
t on in t e corresponding reactive output range.Thus,
if the SVC operates for a time period of 4t, in the
reactive cutput range 'A', 4t in the reactive ocut-
put range 'B' and at, in the Treactive output range
*C' then the cost of total SVC losses for the total
time pericd are calculated as
[P .4t +P At +P .4t ]
LA A LB B 1c C

(6t + Ot + At )

Cost of losses = K. A B C
3
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Fig. 5,2 Typical losses for a TCR/TSC type SVC of
100 MVar rated capacity both in the induc-
tive and capacitive range

Applying the information presented in fig. 5.2 and
assuming that At = 0,2 p.u., AtB = 0.55 p.u. and

Aty = 0.25 Do representing the per unit periods of
SVC operation in the output ranges A, B and C respec-
tively then

Total Cost (480x0.2 + 270x0.55 + 350x0.25)

of Losses (0.2+0.55+0.25)

with K expressed in a specific monetary unit per kW
of SVC losses.

5.2.3 Network Detalls

The location and operating enviromment of the SVC wi-
thin a network largely influences the design offered
by the manufacturer. The essential and optional de-
tails of the network which should be supplied to the
manufacturer, can be summarised as follows :

5.2.3.1 Network Characteristics at the Point of SVC
Connection

-  system configuration (single line diagram) in-
cluding point of SVC connection
- nominal system voltage and fregquency, range of de-

viations Umax’ Umin' fmax’ fmin' including magnitu-

tude and duration of such deviations

- voltage unbalance and magnitude of negative sequen-
ce voltage

- transient and temporary overvoltages, magnitude
and duration (time characteristics)

- insulation ievel, overvoltage and existing surge
arrester levels

- system grounding conditions

~ method of line protection and autcreclosing applied

- existing and expected minimum and maximum three
phase fault levels over as wide a pericd of net-
work development as possible (including fault le-
vels-under envisaged abnormal system operating
conditions under which the SVC may be required to
operate).

Optional :

- system impedances as seen from the SVC lecation as
a function of relevant frequencies {from fundamen-
tal to the highest relevant harmonic), to enable
for the manufacturer to evaluate, filter and con-
trol system requirements

- existing or anticipated levels of hammonic voltage
distortion and harmonic currents from other sour-
ces

- acceptable harmonic distortion levels.

5.2.3.2 Enviromrmental Characteristics

- maXximum and minimum temperatures

- altitude

- solar, snow and ice, humidity, wind, air pollution
and seismic conditions

- acceptable audible nolse and electromagnetic inter-
ference levels in and around the SVC installation.

5.2.3.3 Site Conditions and Method of Connection

- avallable site area, access and transport limita-
tions

- auxiliary power available; voltage, frequency, and
power rating with tolerances; ripple content for
d¢ auxiliaries

- availability of cooling water and water drain faci-
lities

- method of connection of the SVC io the system ex-
plained in detall by means of a single line dia-
gram, showing the proposed connecticn to the trans-
mission line, busbar, transformer secondary or
tertiary winding.

5.3 SPECIFICATION OF STATIC VAR COMPENSATOR CHARAC-
TERISTICS

The reactive power requirements for a given nominal
rating can be met by various types of SVis descri-
bed in Chapter 2. However, each type of SV(C posses-
ses i1ts own particular operating characteristics. To
enable the suppliers to arrive at the most suitable
SVC type and design to meet the particular need, the
nominal rating, overload capabllity, control and dy-
namic performance, harmonic and specific equipment
requirements need to be clearly stated. In this sec-
tion, these characteristics are examlned in detail
for various types of SVCs currently avallable, toge-
ther with factors influencing the cholce of these
characteristics.
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5.3.1 SVC Characteristics

5.3.1.1 Definition of the SVC Type

If preference exists for certaln type of SVC, detai-
led information should be given on :

- type and configuration of the SVC
- control mode for both continuously contrelled and
‘switched components.

5.3.1.2 Nominal Rating and Uverload Capability

A static Var compensator (SVC) usually consists of
a transformer connecting a combination of thyristor
controlled, saturated or fixed reactors; fixed or
thyristor switched capacitors; self or line commuta-
ted inverters to the power system.

Neminal rating and overload capability of an SVC are
defined by a voltage-current characteristic, as seen
from the point of connection of the SVC to ihe sys-

tem, for example :

- primary side of the coupling transformer
- secondary side of the coupling transformer if the
SVC is connected to a tertiary winding.

All other components, e.g. harmonic filters and other
fixed unswitched inductive or capacitive components,
associated with the SVC must be included, in deri-
ving thls characteristic, as they have an influence
on the SVC rating.

The maximum allowable tolerance of the SVC output
has to be specified by the user at nominal voltage,
frequency and temperature or will be chosen by the
manufacturer according to existing standards appli-
cable to individual components of the SVC, When spe-
cifying the SVC output tolerances, it is important
to note that individual component toierances speci-
fied by International Electrical Commission (IEC)
Standards are 0 to 10 % for capacitors and + 5 % for
reactors. The neminal ratings of the components (SVC
transformer, reactors, capacitors and thyristors,ete. )}
will be determined by the manufacturer to meet the
specification.

5+3.%.3 Nominal Rating and Overload Capability of
Thyristor Switched Reactors (1SR), Thyristor
Controlled Reactor {TCR], and Thyristor owii-
ched Capacitor {TSC) Type SVCs

Rating for normmal continuous operation for the thy-
ristor switched or controlled types of SVCs can be de-
fined as follows, and as shown in fig. 5.3 :

(a) at rated line-to~line voltage U ted the rated
total reactive power output in 1Re

« inductive range :

QLratedz /3.0

- capacitive range :

2

Lrated™’ rated"PLrated

rated’

_ 2
Crated™ > Vrated Torated™ ratea*Borated
(b) at the maximum line-to-line voltage U __, the ma~
max
ximum total reactive power output in the in-
ductive range :
2
quax_ Jg'Umax'ILmax_U max' CLrated
at the minimum line-to-line voltage U the mini-
nun total reactive power output in the  capacitive

range :

] 2
Yntn™ 3 UninTenin™ nin® Eoratea
Glven elther U ., . Yrated' %rated °F Unax® Snax*

Umin' Qﬂmin the nominal susceptances BLrated and

BCrated can be determined. The definitions {a) and

(b} giving the SVC rating for normal continucus ope-
ration are eguivalent.

The range of normal continuous operation is limited
by the :

~ maximum current ICmax in the capacltive range

= maximum current ILm in the inductive range, as

ax
determined by the rating of the feeding transfor-
mer, the thyristor valves, etc.

-~ maximum and minimum values of the slope of the

voltage control characteristic SLmax and SLmin

- maximum reference voltage U
& € & ref max

~ susceptances BLmin and BCrated'

The 3VC shall be designed to operate continuously
anywhere within the shaded area of the voltage-cur-
rent characteristic defined by these limits, as
shown in fig. 5.3.

Voltage
u
u P
I
SvC
Yov
sv¢y Y T ==== |
Ymax |
7777777777 ( |
- 7 1 |
| SLmin Usaf max max B . | !
1 | U ated L rated 1r L mln: :
I __________________
| ! B ! ! 1
| il Crawd —— —$Ymin 1 ! | |
I b ; ! ol
I i ‘ i ! 1
| 1 ; control [range | |
| b | t | | |
Lo TR :
A . | i [
I . . l

L cated It max Tov  Isve

Total SVC current

It rated 1c min
C max

Fig. 5.3 Operating characteristics of TSR, TCR and
TSC type SVCs

The overload capability can be defined only for the
inductive range. In the uncontrolled region, the SVC
voltage~current characteristic is determined by the
minimum susceptance Bipmip which can have a value
lower than Bpyated. depending upon the SVC rating.

The overload capability in the inductive range is de-~
fined by the :

- peak value of the maximum transient overvoltage

UOVmaX

- RME value of the maximum temporary overvoltage
Ugy(RMS) (see fig. 5.3}.

~ magnitude versus time-duration characteristic of
the overvoltage U v which may be given as a step-
wise linear function as shown in fig. 5.4 inclu-~
ding the repetition rate of the overvoltage as it
affects the accumulated thermal transients of the
SVC egquipment

- minimum susceptance B . (or equivalent L

Ugy (RM3)).
When selecting the SVC characteristic, the following
points have to be kept in mind :
- a high susceptance By . (I.e., low reactance) in

the inductive range results in a higher transient
overload capability, lower reactor costs and, hi-
gher magnitude harmonics under normal conditions

Imin at
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« the limitation of the current in the capacitive

range 1 results in capacitor and transformer
savings.
Ugy
Uy
Uz ———
1
1
[
Umax | i
[ i
! |
4 -

Time

Ey
1

Fig., 5.4 Time-duration characteristic of the over-
voltage UOV

5+3.1.4 Nominal Rating and Overload Capability of
Line-Uommutated Convertor (LCC} and Self-
Commutated Convertor (SCC) Type SVCs

The rating for nommal cantinuous operation for these

SV¥C types is defined as follows, and as shown in

fig. 5.5. At rated line-to-line velitage U od and,

line current 1 y the rated total reag%fve poWer
Lrated

output in the :

- inductive range :

QLrated =3 Urated ' ILrated
- capacitive range :
QCrated =73 . Urated ' ICIated

The voltages Umax' Urei‘ min' Uref max

SL s SL deéfine the range of continuous operation
min nax

for thig type of SVC shown by the shaded area in
fig. 5.5

and the slopes

Vaoltage
Y4
u U
Isve oy o
SVC
i U
Slpin YT == ——
_— - |
1|— Ure max  Ovmax |
| g = |
| Urated |
’ LL L L Err __4
:— - Uref min : I
! UL i 1 I
| min I |
| — PO — | |
| | l
+ . 1
o0 1 1 sve
Ic ov 1 cated L rated IL OV

Total SVC current

Fig. 5.5 Operating characteristics of SCC or LCC type
SVCs

The overload capability is defined by IL oV Ic oy

UL nin and the peak value of maximum transient over-
voltage Uy nax’ The duration-of the overvoltage

UOV nax is time dependent as shown in fig. 5.4.

5.3.1.5 Nominal Rating and Overload Capability of
Saturated Reactor (SK)} Type SVCs

The rating for nomal continuous operation for this
type of SVC 1s defined as follows and as shown in
fig. 5.6. Rated reactive power output in the :

- inductive range :

QLrated =3 Umax :
i U
line voltage .

lLrated at maximum line-to-

X
- capacitive range :

QCrated,= WESEN Umin « Tocated 2t minimum iine-to-

1line voltage Umin

The reference voltages U and the

ref max' Uref min

slope SL define the range of continucus operation

min
for this type of SYC, as shown by the shaded area
in fig., 5.6.

Voltage

u
u
Tsve
sve

Ug

Uret min
min

|
+ -
I¢ rated Wrated ILsw 'Lov
Total SVC current

1
1
|
1
1

| |

1 {
| |
| |
| |
1

L

) I i

1 |

] | |

1 I 1

1 1 |

1 1

I ! H

& -

-

—* Igve

Fig. 5.6 Operating characteristics of SR

In the overload range, when the current exceeds the
value ILSW' the slope-correcting capacitor of the

SR may be wholly or partly short-circuited by means
of a protective device, e.g., spark gap or a non-
linear resistor. The saturated reactor voltage-
current characteristic thus has a maximum slope
SLmax with an origin defined by the voltage US'

The permissible time duration of the overvoltage UOV

is determined by a magnitude versus time-duration cha-
racteristic shown in fig. 5.4.

5.3.2 8VC Control Characteristic

5.3.2,1 Modes of SVC Control

In specifying the mode of control for S5VUs it is im-
portant to note that there are substantial differen-
ces between various types of SVCs,

Through the use of an external controller,active con-
tinucus or stepwise control of any SVC consisting of
any combination of TSR, TCR, TSC, SCC, LCC, TCT and
SR type SVC elements can be realised. Of the many
types of SVC only the saturated reactor (SR) type

has inherent control characteristics.

The structure of an active SVC control system is 11-
lugtrated in fig. 5.7, which comsists of the follo-
wing modules :

- & measurement module (M) forming the SVC main con-
trol signal (voltage, current, reactive, etc.)

- an SVC control module (C) varying the SVC output
according to the particular control requirements

~ a supplementary control medule (SC) bringing the ad-
ditional control signals for perfommance enhance-
ments such as damping and reactive power control.

Since the main and supplementary contrel signals and
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their processing by the SVC control system have a di-
rect bearing on overall SVC perfommance, any control
specification should indicate the facilities availa~
tle or preferences fer deriving these signals at a
particular point(s/, e.g., high voltage, low voltage
or tertiary terminals of the SVC transformer.

Measurement
M
Control 3
ul
c | SVG
ref
Supplementary POWER
control SYSTEM
SC -
P.f.Q etc.

Fig: 5.7 8VC Control structure

Depending upon the design of the control modules,
the SVC may perform the following individual and com~
bined control functions.

three-phase average or positive sequence voltage
control based on

% average magnitude

* posiiive sequence voliages

- individual phase voltage control based on

% individual phase voltages

* positive and negative sequence voltages

* negative sequence voltages (phase belancing}.

By judicious use of supplementary control signals

- reactive power control based on reactive power
heasuremnents

- damping control based on active power, speed, fre-
quency or rhase angle change measuremgnts

can also be obtained.

5.3.2.2 Static and Dynamic Characteristics of SVC
Control System
The "static characteristic" of the SVC control is

shown in fig. 5.8. This characteristic is defined
by

(1) the reference voltage Uref al zero SVC current

outpﬁt as well as the maximum and minimum va-

lues of this reference voltage Uref nin and

U
ref max

(i1) the slope of the voltage control characteris-
tic 5L as well as the maximum and minimum va-

lues of the slope reactance SLmax and SLmin’
where
o = AU {at rated current)
- U
rated
and the equivalent slope reactance X_, within
the SVC control range (i.e., on the ““base of

the SVC rated reactive output) is given by :

XSL = EL N Urated ohms or XSL = 5L in pu
/31
rated

The SVC control range is defined by the maximum con-

tinuous inductive and capacitive currents (ILmax'

ICmax) and the overall accuracy of the controlled

voltage is within specified limits, usually expres-
sed as a percentage (e.g., * 1%) using the nominal
reference veltage as base voltage.

u
lgve
svC

100%

Voltage
u
X
SI.

_________ Hav 7|
.,"——"—_'_’_4 Uef e 1
I~ - I
NG <1 i
l ~ < §
1 S e | {
1 ~ - | {

l ~ - I
. ~ - {
l4—— ——— Range of |controf —.< } -

| AN e )
b ~ |
N - ! i

I ~ - |
Y el - &

1,
e max rateq L max sve

Total SVC current

Fig. 5.8 Static control characteristic of an SVC

SVCs with stepwise control based upon TSC, TSR and
combinations cf these components possess a static cha-
racteristic with a bandwidth of AU . The step si-
Ze of the switched components shoul therefore be
chosen such that the controlled voltage can be Kept
within the specified bandwidth, which should be ba-
sed upon the users system voltage control criteria.

The "dynamic characteristics” of the SVC control sys-
tem are defined by the SVC output change (i.e., SVC
current, suscepiance or corresponding controlled
busbar voltage change} in response to a small st.p
rhange in any control signal or quantity (e.g., re-
ference voltage, reactive power, ete.) in the linear
range of the 3VC, Such a dynamic response characte-
ristic is illustrated in fig. 5.9. This response can
be specified by

- response time : time to achieve 90% of the excur-
sion value of the output

- settling time : time to settle within
final value

- maximum overshecot of the output.

5 7% af the

—ﬁ Maximum overshoot +5%

—
Y S
aa%e \\\___—/”’ svC

Qutput

Settling time —————————————»

Control input

i

i

i

l -

Time

Fig. 5.9 SVC response to small step changes at the
control input

The response should be determined for each control
loop or module, e.g., a slower response can be ex-
pected from a supplementary reactive power control
loop, than that obtainable from the main voliage
control loop. The response time obtained is depen-
dent upon the SVC operation conditions and network
characteristics, i.e., system fault level at the SVC
point of connection to the system. Therefore, either
a minimum response time or several different respon-
se times based upon specific SVC and system operating
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conditions, should be specified. The response of the
SVC 1o large disturbances cannot, in general, be spe-
cified, but certain control and switching actions
may be blocked following system faults to prevent
large swings in SVC output following fault clearance.

Preferences for remote and supervisory control faci-
lities required should be given together with control
co—ordination requirements. The latter is especially
important in locations containing other reactive com-
pensation installations in addition to the SVC. At
such sites, requirements for master and slave con-
trol arrangements needs to be clearly indicated.

5+3.3 Hammonics

The magnitude of the SVC generated harmonies which
can be tolerated can be specified based upon the
following criteria.

— Individual voltage distortion factor (Dn) due to
the n~th harmonic

D = U / U —~ U / 6]
n n rated -~ n 1
- Total voltage distertion factor (B _ )
1 - ~ &
Dr.s.s. B S giz Uﬁ . HEZ Di
- Maximum voltage deviation (Darith)
1 @ o
Darith N U nfz o0 7 nfz P

Telephone influence factor (TIF)

2
§ {In-Wy)
n=1
Trated

rated n

I g

1
TI¥= (Kp-Pne Un 2 =
U
U 1 1

~ Total hammonic current factor (IT;

IT = f Of.ﬂ {Kn.pn.ln)z = uf (In—Wn}z
n=1 n=1

where

Ujateq = Tated phase-to-neutral voltage (RMS)
Irated = rated line current (RMS)

£ = fundamental (nominal) system frequency

n = harmonic order

Un = hammonic voltege of order n and frequency
f=1f .n (RMS, phase-to-neutral)

In = harmonic current of the order n and fregquen-
cy f=f .n (RMS, 1line current)

Ul = fundamental frequency rated system voltage
(RMS, phase-to-neutral)

Kn = coupling coefficient of the harmmonic fre-
quency given by Krl =5f= 5.f1.n

P, = welghting factor of the n-th hammonic ac-
cording to EEI/BTS guidelines (based on har-
menic voltages)

Wn = weighting factor of the n-th hammonic accer-

ding to EEI/BPS guidelines (based on harmo-
nie currents)

The calculations of telephone influence factor {TIF)
and total harmonic current factor (IT) are based upon
vwelghting factors p  according to the Editson Insti-
tute (EEI) and Bell™Telephone System (BTS) guidelines
which are mainly used by utilities employing 60 Hz

systems, Similarly, interference definitions based
upon International Consultative Commission of Tele-
phone and Telegraph Systems (CCITT) are used by
utilities employing 50 Hz systems. The CCITT define
telephone hammonic form factor (THF) and equivalent
disturbing current (EIC) as follows :

- Telephone harmonic form factor (THF)
THE =

- Equivalent disturbing current (EDC)

2
EDC = /E(K . p_ . 1)
£ £ n
where
Py = Wwelghting factor of harmonic n according
to CCITT guidelines
ke = a factor which may take a value of f,.n/800,

1 or 800/f, .n depending upon the impsedance
of the AC network and ihe coupling between
the power and the telephone lines

n, fl' Un. U1 and In are as defined previously
Amongst the above factors the most commonly used at
Dn and Dr S8 The typical limits adopted in speci-

filcation of these factors are given in Section 5.5.
An allowance, for defined network harmonics which
may exist, should be made, for example, by specify-
ing the addition of a certain percentage allowance
to each SVC generated harmonic or by assuming that
all harmonic source are in phase, so that some safe-
1y margin can be provided within the harmonic filter
rating.

Although many utilities specify Dn, Dr-s-s and Darith

limits In a consistent manner, there are no recommen-
ded limits on TIF, IT, THF and EDC for static compen-
sator applications. However, the weighting factors
applied are given in Section 5.5 and some utility
practices in specifying these factors can be found in
Chapter 8.

5.3.4 Equipment Charxacteristies

The SVC specification should provide ‘niormation on
the following :

- coupling transformer :

% nominal primary and secondary {optional) voltage,
mmber of taps and tap step siZes. (It must be
understood that the specification of the secon-
dary voltage of the coupling transformer may af-
fect the cost of the SVC considerably).

* type of cooling preferred, temperature levels,
overload-time characteristic

% insulaticn levels

% preferred bank arrangement (single or three-phase
hanks)

- capacitors and filters :

* insulating fluild, temperature levels, overload-
time characteristic

* insulation levels, permissivle steady-state and
transient overvoltages

% protection, fusing (internal or external), groun-
ding

x frequency of switching, discharge resistors, reac-
tors or transformers required

~ thyristor valves :

* speclal requirements which may affect the choice
of triggering, insulation level, redundancy, sa-
fety margin, thyristor failure monitoring, thy-
ristor cooling, etc.
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~ relevant standards for components of the compensa-
tor (see Section 5.5)

- pemmissible audible noise and electromagnetic
interference levels

- earthquake standards (if applicable)

- space available for the SVC and the components

- distance to substation contrel room

- protecilon, alam, and failure signals

- metering system : local or remote quantities to he
metered

- reliability characteristics : availability requi-
red at partial and/or total reactive power output,
spare equipment reguirements

- testing and commissioning procedures, including
factory and site tests (see Chapter 6

- loss determination and evaluation method

5.4 SVC TESIGN INFORMATION TQ BE PROVIDED BY THE
TENDERER

The following SVC design and performance details
should be provided by the tenderer to ensure adequa-
te assessment of tenders.

5.+.1 SVC Layout

- nominal rating with tolerances and overlovad capa-
bility of the SVC

- nomiral impedances and tolerances of all SV compo-
nents at nominal frequency and temperature

- single line diagram of the SVC, space requirements,
physical layout

- method of energlsation and starting, including the
reactive power load change at the instant of star-
ting (due tc transformer inrush currents, etc.),
shut down procedure

- method of protection against interrnal failures,
external and internal overvoltages and overloads

~ type of grounding {if any) on the primary and se-
condary side of the 3VC transformer

- Permigsible voltage and frequency deviations

- auxiliary power supply : voliages, frequency, loads,

tolerances

- cooling system required : type, rating, limits,
Pressure, secondary cooling system availability

~ explanation of the cansiderations leading to the
dimensioning of the major SVC componrents including
the expected SVC and control system response

- earthquake safeguards

- maximum unbalance of components (transfomers reac-
tors, capacitors), i.e., maximum deviation of the
reactances of the individual phases from the mean
of the three-phases and, appropriate standards used

- loss characteristic :calculated total losses as a
function of reactive power output at specified sys-
tem voliage, no-load and on-load losses of the in-
dividual components including relevant standards
used

~ filter design criteria : permissible voltage dis-
tortion and frequency deviation, losses, level of
external harmonics considered, detuning conditions,
component redundancy included

reliability characteristics of the SVC, spare parts
and maintenance requirements to comply with requi-
red reliability and availability

~ characteristics of the thyristor valve : method of
cooling and triggering, insulation levels, thyris-
tor redundancy, transient overload capability

54,2 SVC Performances

- harmonics generated by the SVC at a given loading
and given network condition

- radlo interference level and screenlng requirements
(definition and measurement according to IEC - In-
ternational Special Committee on Kadio Interferen-
ce CISFR publication 1)

- SVC response time at minimum and maximum system
fault levels according to fig. 5.9

~ range of the voltage setpoint varlation (%]

- S5VC response to large disturbances, e.gz., three-
Phase short-circuits, load rejection, etc., inclu-
ding control strategies for large disturbances

~ Possible interaction with adjacent compensaticn
systems, measures to prevent interaction

- overload var absorption capability (performance
with and without transformer saturation under sys-
tem overvoltage conditions where the transformer
is part of the SVC equipment)

5.5 DESIGN STANDARDS AND HARMONIC PER: ORMANCE LIMITS

At present there is no single national or internatio-
nal standard which specifically deals with static var
compensators. The components forming the SVC are, ho-
wever, designed according to recognised national and
international standards which are listed in this sec-
tion,

Typical worst case characteristic harmonic currents
avallable from different types of 5VC and harmonic
performance factor limits/criteria adepted by various
countries are alsc indicated.

5.5.1 Relevant Standards for Ma jor Components
Insulation Co-Ordination

ANST C 92.1 - 1982
CSA/ACNOR CAN3 - 0308 - MBSO

Power Transformers and Reactors

IEC Publ. 71-3 (1982), 722 (1982) (Impulse
Testing)
CAS/ACNOR CAN3 - CBS — M 1979
ANSI C57.12.00 - 1979, ©57.12.90 -~ 1973
C57.16 - 1958 (Ri971), C57.21 - 1971
1EER STD 2624 €1977) gsc Tests)
STD 262B {1977) (Dielectric Tesis)
NEMA TRI
TR98 - 1978
1EC/CEI Publication 76 (1976) (being revised)

fublications 76-1 to 76-5 (1976)
Fublications 289 (1968)
Publication 354 (1972)

Power Capacitors

CSA/ACNOR G155 - 1975

ANSI/IEEE STD 18 - 1580, C55-2 . 1973

NEMA CPL - 1976

CEL/IEC ?ubligation 70 {1967) Publication 143
1972
Document 33 (BC) 55 {testing of capaci-
tors with internal fuses)

Thxzistors
ANSI C3%4.2 - 1968 (R 1973)
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CEI/IEC Fublication 146 (1973),
Publication 147

CEI;/IEC Publication 700 (testing of semi-
conductor valves for high-voltage
d.c. power transmlssion)

IEEE draft JEEE guide for specification on

HVDC thyristor valve testing

Control Systems
ANST CB3-98, C83-107, C85-1 - 1963

General Definition of Terms
IEEE STD 100 - 1977

Radio Interference
IEC

CISPR Publication 1 (1972)

Harmonic Distortion
1EEE STD 519 ~ 1981

5.5+2 Typical Worgt Case Characterigtic Harmonic
Currents for Symmetric Operation, Ideal Source
lio Harmonic Contribution from External Sources

lote : Generally, maximum amplitude of each harmonic
will not be obtained at the same SVG opera-
ting point. ITmax has been calculated assu-
ming maximum amplitude of each harmonic
Thyristor Thyristor Sequentially
Harmonic Saturated Controlled Controlled Controlled
Qrder Reactor Regtor Reactor Reactor
(B 21 (6~pulse) {12-pulse) Two B-pulse units
5 - - 5% - 2.58%
7 - - 2.5% - 1.25%
n - 2% 1% i) 0.5%
11 - EL) 0.7% 0.7% 0.35%
17 2% - 0.4% - 0.2%
19 3% - 0.3% - 0.15%
/T 2% - +49% .38 J25%
max rated
{m Treble-tripler
2) Twin-tripler
Rating:
: 1 =Q AR s 1 =1
- rated L rated rated rated max

5.5.3 Existing Harmonic Distortion Limits (Status

1982
Normally cne compensator, depending on the vol-
tage level
T T T T
. D 3] H D TIF i IT
n Iss i arith
tralia* 1% {odd .
justralia LK ) 1.5 i _ - ; R
0.5% {even) . |
! :
.K. 1% Lo1.58 2.5% - -
Swecien 0.7% 119 - - ' -
Finland 1% 1.5% - - -
USSR - 5% - - -
France 1% {cdd)
(EdF) 0.6% (even) 1.6% - - -
Arazil 1% todd)
(Chest} 0.6% (even) 1.5% - 25 10,000
Canada
New Brunswick 1% - 4% 20 25,000
Hydro—(uebec 1% 4% 20 25,000
Mani toba Hydro - - LY 25 50,000
BC Hydro - - 2% 50 -
USA
REP*+ " 4% - - i -
BPA - - 2 15-20 5000-50000)
South Africa | 1% 1 k13 - R - -

* Lamits are specified for total distertion from all sources
*+ Guidelines currently be.ng revised

5.5.4 Harmonic Welghiing Factors

(See publ. 60-68, Edison Electric Institute
and CCITT directives and IEEE Standard 519 -

1921
I
| Ovder n of Weighting Weighting Weighting
Harmenic Factor [::n Factor pf Factor W,
(EE1/BTS) {ecrrT) (EE1)
1 0.007 0.73 0.5
5 0.15 178 225
7 a1 376 650
1 0.685 733 2260
13 0.862 B51 1360
17 1.0 1035 5100
19 0.988 1108 5630
23 0.923 1035 5370
25 0.891 977 6680
% 0.841 881 7320
k1l 0,84 842 7820
35 9.841 5 7830

5.5.5 Harmonic Impedance Characteristics of Power
Systems

Knowledge of the network impedances as a function of
frequency Z(f) at the point of SVC connection is re-




quired for filter design and
As these characteristics are
following assumptions may be
pedance at a given frequency
any value within a circle in
Plane as shown in fig. 5,10,
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control system layout.
not always known, the
useful, The network im-
can be presumed to have
the complex impedance
Typical values for R

and @ are 200 - 1000 ohms, and 75 - 80 degrees,
respectively. R1 represents the minimum value of

network resistance.

X
AReactance

R
Resistance

Fig. 5.10 Definition of network impedance characte-
ristics at the point of SVC connection

Far low order harmonics the impedance Z(f) is induc-

tive. Z(f) can therefore be presented by a straight
line as shown in fig. 5.11, where Z{f,) is the fun-
damental frequency network impedance %orresponding
te the fault MVA infeed at the point of SVC connec-

ticn.

Network
Impedance
Z[1)

Maximum { no-toad )
1
1
1
Minimum [ high load )
'
1
I
I
|

1

f=n.fy Frequency {f)

Fig. 5.11 Network impedance characteristics as a
function of harmonic frequencies

In addition to the above considerations the existing
harmonic distortion of network voltages has to be
taken into account in the filter design and overall
evaluation of SVC harmonics.
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CEATTER

4
]

GUIDELIKES FOR TESTING CF STATIC VAR COMPENSATORS

6.1 IHTAODUCTICH

At present there is no single natlonal or interna-
tional standard which is specifically applicable to
the manufacture and testing of static var compensa-
tors. Therefore only the standards applicable to the
manufacture and testing of major components forming
the SVC equipment have been used, in absence of a
unique standard. Absence of a standard also meant
that tests to establish the performance of the SVC
equipment had to be specified and agreed beiween
manufaciurers and utilities on an individual ipstal-
lation basis. in this chapter, guidelines for testing
both the major components and the total SVC instal-
lations based upon experience cvbtained with the SVC
ingtallations, to date, are provided. In providing
these guidelines, it is assumed that for the manu-
facture and testing of minor components appropriate
standards have been applied.

Two distinct sets of tests are recognised as neces-~
sary for static var compensators, namely, factery
and site tests. lor factory tests, guidelines are
given for testing the major components or groups of
SVC components. These tests can be carried out at
the factory or at a test station equipped with ap-
propriate facilities. lor the site tests, guidelines
on both commissioning and acceptance tests are pro-
vided.

Throughout this chapter reference to the appropriate
International Electrotechnical Commission (IEC, stan-
dards is made. |or certain tests which are specific
to certain types of SVC equipment not covered by IEC
standards,but essential in determining equipment
conpliance with the specification, guidelines on the
testing techniques adopted are also provided. In
addition, the need for adequate testing of control,
protection and monitoring equipment in both the fac-
tory and at site is recognised by providing appro-
priate guidelines.

6.2. FACTORY TESTS

In this section guldelines for testing different ty-
pes of SVCs at the factory or at an appropriately
equipped test station are described. These tests are
designed to verify the performance of individual SVC
components prior to shipment to the site and are
classified as type or routine tests (see Section 9.6).

6.2.1 Factory Tests for Thyristor Controlled Reactor
{TCR}, Thyristor Switched Reactor (TSK: and
Thyristor Switched Capacitor (TSC) Type 5VCs

The major compenents forming a TCR/TSR/TSC type SVC
installation are shown in fig. 6.1.

6.2.1.1 Circult Breaker

Type and routine tests according to IEC Publication
56.

6.2.1.2 Transformer

Type and routine tests according to IEC Publication
76.

6.2.1.3 Reactor

Type and routine tests according to IEC Publication
289.

4,
th
o

T4

1. Circuit breaker - 2. Transformer - 3. Reactor
4, Capacitor - 5. Thyristor valve - 6. Control and
protection

Fig, 6.1 ¥ajor components of TCR, TSH and TSC type
SVCs

6.2.1.4. Capacltor

Type and routine tests according to IEC Publication
7a.

6.2.1.5 Thyristor Valve

The voltage and current stresses llkely tc be expe-
rienced by thyristor valves employed in various ty-
pes of SVC installations have been briefly described
in Chapter 2 (see Sections 2.5 and 2.6). The valve
design will need to take full account of the likely
stresses. The compliance of the valve design and ma-
nufacture with the perfommance specification can on-
1y be determined through the appropriate tests.

Currently there is no single national or internatio-
nal standard applicable to the testing of thyristor
valves for TCR/TSR/TSC or other types of SVC instal-
lations. Thus in the absence of such a standard for
the type and routine testing of such valves, appli-
cable parts of IEC Publications 700, 71, 146 and

147 have been utilised. Due to significant differen-
ces between the SVC applications and the HVDC appli-
cations for which the IEC Publication 700 has been
originally prepared, in many cases agreement between
the manufacturer and utility had to be reached in
the specific interpretation of the applicable tests.
Therefore, the following suggested guidelines are
indicative of what has been included in different
specifications based upon the experience gained.

In recognition of the urgent need for a single in-
ternational standard CIGHE Study Committee 14 Wor-
king Group 14-03 is currently reviewing both the SVC
and HVDC applications with a view to making the ap-
propriate recommendations available to IEC, as soon
as possible. In view of this, the reader is reques-
ted to follow the progress of this work and take par-
ticular note of its concliuslons., This item would
then need to be revised based upon the conclusions
of the WG 14-01 work.

6.2.1.5.1 High Voltage Ingulation Tests on the Thy-
ristor Valve structure or Valve Base

For these tests, which are recommended as type tests,
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individual thyristors are short circulted prior to
the test. The principal objectives of thesme tests
are :

{a) to tesi for absence of disruptive dlscharge in
the insulaticn of the valve base, coolirng ducts,
light guides and other insulating parts of the
pulse transmission and distribution systems at
the maximum test voltage,

{b) to verify that the partial discharge incepiion

and extinction veoliages are above the maximum

operating voltage appearing on the valve tace.

1f the tests specified by the utility are found to
be inappropriate by virtue of the valve design offe-
red by the manufacturer, consideration should be gi-
ven to alternative tests by which the above princi-
ral objectives may be met. Such alternative tests
should be agreed between the utility and the manu-
facturer. Depending upcn the application, it may be
possible to eliminate some of the following tests on
the valve base, subject to agreement.

For a three-phase valve

- valve structure switching impulse withstand vol-
tage test of individual phases to earth and bvet-
ween phases according to IEC Fublication 71 and
60-2

~ valve hase lightning impulse test according to 1EC
Publication 71 and 60-2, 1t is usual to impulse
test with 3 positive and 3 negative pulses of
1.2/50 us waveform.

- valve structure power frequency withstand voltage
test (for 1 minute) according to 1EC Fublication
Tl

ror a single-phase valve :

- valve base AC power frequency voltage test accor-
ding to IEC Fublication 700 power frequency, 1 mi-
nute duration

- valve base IC voltage test according to IEC Publi-
cation 700, 1 minute duration. This test is appli-
cable only to TSC valves with trickle charge ope~
ration.

6.2.1.5.2 High Voltage Tests on the Main Thyristor
Valve Circuits and Vaive Teminals

The principal objectives of these tests, recommended
as type tests, are :

{a) to determine how many electrical components in
the thyristor string and assoclated circuitry
fail durling the test, if any,

{b} to test the absence of disruptive discharge in

the insulation of the valve structure, cooling

ducts, light guides, and other insulating parts
of the pulse distribution and transmission sys-
tems at the maximum test voltage,

(e

—

to verify ithat the partial discharge inception
and extinction voltages are above the maximum
repetitive operating voltiage,

{d} to demonstrate, in part, the immunity of the val~-
valve unit control to electromagnetic interfe-
rence arising from within the valve and from cut-
side the valve, unless the immunity can be adequa-
tely demonstrated by ancther test.

It is important to note that the individual thyris-
tors are not short-circuited for these tests, the

details of which need to be apreed retween the utili-
ty and the manufacturer, as ihey depend upon the pare
ticular valve desien, 14 may be puocible to omit cer-
tain irsulation tests, for example, the requirenrrls
for a valve DC voltage test may be walved or the pos-
s1bility of dlsconnecting the individual thyristor
voltage treakover type protection devices may be
discusned.

These tests include :
- AC and IC veliape tests between valve termlnals

- high voltage AC power freguency and impulse with-
stand tests on the maln circuits of thyristor val-
ves, With the protection facilities included in the
SVC control system fully operational (active, or
inhitited (passive}.

Tre voltage tests between valve temminals are carriec
out according to 1EC Fubliecation 7CU and include :

~ AC power frequency voltage test

- D0 voltage test which is applicable only to TSC val-
ves with trickle charge operation.

tor the purposes of these tests it may be sufficient
to test only one phase of a three-phase valve with
the other two phases at earth potential.

1n order to ensure that the valve design includes
sufficient margin above the protective level, high
voliage power Trequency and switchlng impulse voliage
tests are carried out on each phase of a valve with
the other two phases at earth potential and with pro-
tection eircuitry (whether by conii.l or by rassive
elements such as Znd arresters; disconnected, These
tests are carried out according to IEC Publication
700, However, care needs to be taken to adjust the
duration of the power frequency tests in accordance
with the damping (snubber, circuit design across the
thyristors, Under high voltage power frequency test
conditions, losses incurred in these circuits can be
excessive, especially in the circuits for TSC valves
which may cause damage to shubber circuits.

In valve designs, where proiection forms part of the
centrol system, impulse voltage tests are carried out
to ensure correct operation of the proiection system
around the specified voltage level. Thus with the
protection provided by the control system fully ope-
rational (active; it is usual to apply three pulses
each of positive and negative polarity with the wave-
form 250/2500 us for this test. In crder not

to exceed the rate of rige of valve current (di/dt) per-
nissible for the valve, it is recommended that a se-
ries reactor as shown in fig. 6.2 is used in the im-
pulse voliage tests where the protection provided by
the contreol system is active.

In relation to ihe above-mentioned tests it is worthy
to indicate that the standard switching impulse volta-
ge waveshapes, commonly used for testing power system
equipment, may represent much greater stresses during
tests than those that can arise for the TCR/TSH/TSC
type SVC equipment in service. By adhering to standard
sWwitching impulse veltage waveshapes, the utility may
in some cases incur extra costs, depending upon the
valve design. Standard waveshapes may not be general-
ly appropriate for testing of certain valve designs.
The relatively low impedance of suech valves may Dre-
vent steep fronted voltage surges from appearing ac-
cross the valve under operational conditions. Such a
low impedance may mean that, even if a standard ligh-
tning impulse is specified, it may be impossitle to
apply such an impulse across the valve while naintai-
ning a sufficiently high surge generaitor impedance to
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limit valve stresses to realistic values. 1t is thus
ustual to impulse test such valves with three pulses
each of positive and negative polarity with wave-
forms in the 20/200 ps to 25072500 us range.

+

¥ ¥

Fig. 6.2 Use of additional series reactor to limit
di/dt during impulse voltage testing with pro-
tection provided by control system fully opera-
ticnal

6.2.1.5.3 Short=-Time Withstand Current Tests

These tests, recommended as type tests, are to check
the integrity of electrical connections forming the
valve. In cases where valve frames are part of the
valve design, an optienal test for mechanical struc-
ture integrity is alsc recommended to verify that
nechanical components do not suffer sustained defor-
nation and the specified temperature as Wwell as noise
levels are not exceeded.

The short-time current tests are carried out by ap-
Plying a power frequency AU current, according to a
defined characteristic, to :

- the main busbars ¢f the valve structure with the
thyristors shoert-circuited

- the earthing device on the valve structure (if not
insulated),

In each of the above tests the waveform of the cur-
rent applied is recorded such that the current peak
reached (usually expressed as an equivalent rms cur-
rent for 't' seconds) can be analysed. The shape of
the current characteristic 1s agreed between the ma-
nufacturer and the utility according to the duty cycle
of the valve.

6.2.1.5.4 Periodic Firing and Extinction Tests

These tests, recommended as type tests, are carried
out according to IEC Publication 70C typically for a
duration of X minutes.

The principal objectives of the periodic firing and
extinction tests are to check the adequacy of the
thyristors and associated electrical circuits with
regard to current, voltage and temperature siresses
on the thyristors at turn-en under the worst repeti-
tive stress conditions.

The tests may be performed on either the complete val-
ve or on valve modules. The choice depends mainly upon
the valve design and the test facilities available.

6.2.14.5.5 Non-Periodic Firing Test

The principal objectives of the non-periodic firing
test are to check the adequacy of the thyristors with
regard to di/dt stresses on the thyristors at turn-on
under non-repetitive stress conditions.

The tests may be performed on eitrer a complete
valve or on medules depending upon valve design and
test facilities avallable.

If the test is performed on modules, the equivalence
of these module tests in respect of tests on a com-
plete valve, will need to be adequately demonstrated.
These tesis are recommended as a type test.

For TSC valves protected by Z2n0 arrester, with cur-
rent commutation from arrester ito the valve when the
arrester is conducting, the test should be performed
at thyristor normal operating temperature. The time
duration of the test is dependent on SVC circuit de-
sign and should be agreed between the utility and
the manufacturer.

6.2.1.5.6 Fault Current Test

The principal objectives of the test are to demons-
trate that the design of the thyristors, thermal
design of the thyristor heat sink assembly and cur-
rent sharing, if parallel connected thyristors are
used, is adequate for ithe stresses occurring on the
thyristor valve during short-circuit under ihe most
onerous specified conditions.

The test 1s recommended zs a type test which is usu-
ally carried out on thyristor valve modules. The
test is carried out by injecting AC power frequency
current of the appropriate magnitude agreed between
the manufacturer and the utility.

6.2.1.5.7 Tests for Determining the Electrical Losses
of a Complete Thyristor Valve

This test, recommended as a type test, 1s carried out
according te IEC Publication 700. The losses as a
function of rated current and no load losses are de-
termined as follows :

- Conducting-State Losses up to Rated Current

For this test, a low voltage sinusoldal power frequen-
cy test source is used. By varying the valve conduc-
tion angle the valve current is varied from zero to
rated current observing steady-state temperatures at
each current level. Measurements at, at least four
levels of current are recommended with the following
quantities recorded at each current level :

Applied Voltage
Valve Current
Wattmetric Losses

Anbient Temperature
Cooling Medium Flow
Cooling Medium Temperature
Rise

1o enable full assessment of elecirical losses.

If the loss determination is carried out by the calo-
rimetric method, as is often the case with air coo-
ling of the valve, then the valve should be insulated
from the surroundings.

- No-Load Losses

The no-load losses are measured by applying rated
power frequency voltage across the valve, with the
firing angle (a) adjusted to 180 degrees. The applied
voltiage, the valve current and wattmetric losses are
recorded., Since the no-load losses of the thyrister
valves are very small, e.g. in the crder 2-5 kW per
valve, wattmeter readings may be difficult to evalua-
te and therefore unreliable. Thus it may be necessa-
ry to assess losses from recordings of current and
voltage.

If valve losses at any firing angle {a) between 90 de-
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grees and 180 degrees are of interest, these losses
can only be accurately obtained either by calcula-
tion from recorded voltage and current or by calori-
metric measurements.

6.2.1.5.8 Temperature Hise Tesct

This test, recommended as a type test, iz carried out
according to 1EC Tublication 700 to verify the com-—
pliance of thyristor junction iemperatures with spe-
cification.

The thyristor valve 1s loaded with sinusoidal maxi-
mum current and the case temperature is measured on
thyristors mounted in the position closest to out-
goling cooling medium. The temperature to be measured
with thermocouples on the thyristor casing. The fol-
lowing quantities are recorded :

Test Current

Incoming Cooling Medium Temperature
Temperature Rise

Ambient Temperature

Cooling Medium Flow

6.2.1.5.9 Cooling System Test

This test is recommended as a routine test to verify
the integrity of the cooling system. It is especial~
ly relevant to liquid cooling systems (e.g., water,
0ll or glycol). A pressure test on ithe valve cooling
system is carried out to ensure that no leakage or
coclant droplels are detected on the valve, For this
test, a test pressure of 10 bar or not less than 50%
above the cooling system working pressure including
the pressure surge for a 24 hour duration is general-
ly recommended.

642.1.5.10 Insulation Tests on Auxiliary Circuits
Built into the Valve

This is a recommended routine test which is carried
out according to IEC Publications 255-5 and 245-2. It
is usual to apply a 2.5 k¥rms power frequency test
veltage ¢f 1 minute duration between auxiliary cir-
cuits and earth potential. Absence of flashover (s),
ingulation breakdewn or thyristor failures indicates
the integrity of the awdliary circult insulation
used.

6,2,1.5.11 Veltage Distribution Along Series Connec-
ted Thyristors within a Valve

This is a recommended routine test to check the gra—
ding circuit parameters and thereby ensure that the
voltage division between the series connected thyris-
tors will be correct.

As a guideline, the voltage division between the se-
ries connected thyristors in steady-state should not
deviate more than 5-10% from the mean value. 4 poOwWer
frequency test should be performed for testing the
damping {snubber; circuits. For DC testling, the vol-
tage divislion figure obtained is dependent on the val-
ve design, i.e., leakage current of the thyristors,
Presence of DC voltage sharing resistors, etc. ln the
former case the test must be performed at different
temperatures.

6.2.1.5.12 Continuous Current Test

This is a recommended routine test to verify correct
operation of the valve at continuous current. For the
test, a low voltage power frequency scurce is used and
the valve is operated at rated current for about

30 minutes toc one hour.

6.2.1.5.13 Overcurrent Test

This is a recommended routine test to verify that
the valve remains controllable for the specified
load/overload current duty cycle. A test set up,
similar to that used for the continuous ecurrent test,
is used.

6.2.1,5.1% lechanical lntegrity Test

This is a recommended routine test for certain valve
designs to verify that the mechanical arrangemnent
rrovided to ensure correct contact pressure, is
functioning within design tolerances.

6.2,1.5.15 Ancillary Electrical Checks

The follewing checks are found valuable in ensuring
integrity of valve circuits prior to valve energisa-
tien :

- Check the off-state and reverse blocking voltage of
each thyristor pair. It is recommended to test at
rated power frequency voltage,for 1 minute.

- Check the voltage grading c¢ircuit. It is usual to
test with a power frequency AC voltage of the or-
der of 1000 volts, and monitoring the grading cir-
cuit current.

- Check all monitering circuits for funetional opera-
tion (pre-warning and alarm).

- Check that all of the thyristors turn on correctly
in response to a firing signal.

6.2.1.6 Control and Protection Systen

It is recommended that the components forming the
protection and control system are type and routine
tested according to IEC Publications 146 and 147.

6.2.2 Factory Tests for Saturated Reavtor (SR, Type
SVis

In this section, only the tests on saturated reactor
units are described. Tests on other SVC components
are carried out according to the appropriate stan-
dards described elsewhere in this chapter.

1f due to the large size of the reactor it is not
rossible to achieve the rated current value (ILrated
L]

see fig, 5.6) 1n the test facility, then the appro-
priate tests should be carried out at the site.

6.2.2,1 Routine Tests

For these tests the mesh loading of the 3R is adjus-
ted for satisfactory harmonic compensation by setting
the mesh reactor tap to the preferred position., Ap -
propriate amount of shunt capacitance is connected

te the primary terminals to minimise the harmonic
distortion of the supply voltage. The following rou-
tine tests are then carried out.

(i) Winding Resistance Test

The resistance of each phase ¢f the main reactor is
measured.

(11, Magnetising Characteristics

The SVC line current is increased in as small steps
&s possible, up to at least the rated current, to ob-
tain a plot of line voltage against line current at
the supply frequency. The line current step changes
should not exceed 15% of the SVC rated current.
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(11i) Electrical Losses

The powWer losses are measured up to the rated cur-
rent at ambient temperature and rated supply frequen-
cy.
(iv)

Harmonic Content of Line Current

The harmonic content of line cu.rent is measured at
approximately 25%, 50%, 75% and 100% of rated cur-
rent to evaluate the harmonics due to the SVC, Os-
cillographic record of line current, mesh winding
current and supply voltage waveform is made to sup-
port the analysis.

(v)

A three-phase voltage of three times the supply fre-
quency voltage magnitude is applied to the line ter~
minals (neutral terminals linked and floating) with
the supply neutral earthed according to shunt reac~
tor test standards (IEC 28%,.

{vi)
The appropriate supply frequency volitage 1s applied
according to shunt reactor test standards {(IEC 289)
between HV windings, with other windings earthed. The
test is repeated for the mesh windings by applying
the apprepriate voltage with other windings earthed.

Overvoltage Test

Pressure Test

(vii) Impulge Test

An appropriate magnitude of impulse voltage 1s ap-
plied according to shunt reactor test standards {IEC
289) on each phase terminal with the other two pha~
ses earthed and the neutral floating.

{viii JHoise Test

These tests are carried out according to the details
agreed between the utility and the manufacturer. It
is usual to carry out tests at aprrexdimately 10% and
100% rated current.

(ix) Insulation Resistance Tests

The insulation resistance is measured and the avera-
ge oll temperature recorded for the reactor main
windings, mesh reactor windings and current trans-
former windings with all other windings earthed in
each case.

{x} Overvoltage Tests

Supply freguency voltage of 2.5 kV to earth is applied
to test current transformer secondaries. Similarly,
frame to core, frame to earth, and core to earth
tests are carried out at 4 kV d.c, if possible.

6.2.1.7.2 Type Tests

These tests can be summarised as follows

(1)
The temperature rise test is usually carried out as
nearly as possible in accordance with the standards.
The test procedure is agreed between the utility and
the manufacturer taking account of the facilities
available for close adjustement of operating condi-
tions during the test.

{11} Impulse Test

The routine impulse tests previously described can be
carried out as a type test in a simllar manner but
with a chopped wave test included, 1f required.

Temperature Rise Test .

{31ii) Cooler Noise Level Test

The test are carried out with all fans operating to
establish compliance with specified standards.

{iv) Cooler Losses Test

The power losses of coolers with all pumps and fans
in operaticn at rated voltage is measured.

6.2.3 Factory Tests for Self-Commutated Converter
{8CC) and Line-Commutated Converter {LCC] Type
SVQs

The self or line-commutated converter type SVCs are
relatively new and as yet have not been widely ap-
plied. Thus, currently, there is no single national
or international standard applicable to testing
these 5VCs. For the testing of the converter itself
applicable parts of IEC Publications l46, 146-2 and
700 can be utilised. Other tests which are basically
similar to TCR/TSH/TSC type SVC tests need to be car-
ried out according to a procedure agreed between the
utility and the manufacturer. In many cases it may
only be possible to carry out type and routine tests
on the subassemblies at the manufacturers works.Thus,
the site tests may need to include some iests 1o ve-
rify correct interactions between the subassemblies.

6.3 SITE TESTS

In this Section guidelines con varicus site tests car-
ried out on different types of SY¥C following the de-
livery of the equipment to site are described. These
tests include commissioning tests and system tests
carried out to verify the performance characteristics
of the BVC installation within the power systenm.

6.3.1 Site Tests for Thyristor Controlled Reactor
{TCH), Thyristor Switched Reactor (TSR) and
Thyristor Switched Capacitor {TSC) Type SVCs

6.3.1.1 Reactance Symmetry Test

This test is carried out to verify that reactance of
each phase of the TCR/TSC type SVC is within a cer-
tain defined tolerance. With the 3VC operating at
various levels of current up to the rated current,
the three-phase cuvrents on primary and each secon-
dary of the SVC transformer are measured. Typically,
if the currents measured do not differ by more than
1% from the mean rated current, the phase balance of
the SVC is deemed satisfactory. This assumes that
system voltage prior to the introduction of the SVC
is a balanced three-phase slnusoidal voltage. If si-
gnificant voltage unbalance is present, then subse-
gquent analysis must take due account of its effect,
on the phase balance measured with the SVC in opera-
tien.

6.3.1.2 Thyristor Equal Firing Test

The purpose of this test is to check that there are
ne non-characteristic harmonics present in the net-
work with the SVC in operation. Given btalanced sys-
ten voltages, presence of non-characteristic harmo-
nics is usually indicative of asymmetries in SVC com-
penents such as transformers, reactors, etc. or une-
qual firing of SVC thyristor valves by the control
system. The test is carried out with the SVC opera-
ting at various levels of current up to full lcad
current, each phase voltage and current together
with the harmonic content is measured at doth the
primary and secondary side of the SVC itransformer.
Using the data obiained, together with known or mea-
sured asymmetries of SVC components, tolerances on
firing angles can be determined.



6.3.1.3 Reactive Fower Rating Tests

The line~to-line voltage U and phase current 1
at the point of common coupling of the SVC (or
the point where the SVC rating is specified) are
measured with the SVC operating at full continuous
inductive power current (ISVC = IL)

Ve
Hlat

JS LU {absorption)

and then at full continucus capacitive current
(Tgyg = 1g)
@ =V3.0u.1,

{generation)

The rating of the 5VC in the reactive power absorp-
ticn and generatlon operating range is given by :

(et} ?q

u
U 2
rated ) P AN

6.3.1.4 Energisaiion Tests

QLrated

“©Crated

The purpose of these tests is to verify that there
are no undamped osecillations following the connec-
tion of the SVC 1o the system, i.e., no resonances
occur between the network and the SVC.

Voltages in all phases and a phase current on both
the primary and secondary side of the SVC transformer
are recorded as the 5VC is connected to the network.
The tests are repeated a few times with the valves
blocked and deblocked, i.e., with the automatic
voltage regulator of the SVC free-running.

These tests must be carried out under as many dif-
ferent power system operating conditions as possi-
ble (e.g., peak load, off-peak lcad, light toad) and
for all different values of fixed capacitors/filters
and/or mechanically switched capacitors associated
with the SYC to ensure adequate coverage of all pos-
sible resonances.

6.3.1.5 Hamonic Performance Tests

These tests are carried cut to verify that the har-
monic currents of the SVC comply with the specified
performance. Prior to connecting the SVC to the net-
work, measurements are performed at the point of
connection to obtain a measure of existing harmenic
voltages in the network.

Following the connecticon of the 3VC to the network,
the current is adjusted between zero and full TCR ra-
ting to find the value of compensator current yiel-
ding the maximum value of a particular hammonic (e.
gey 5th, 7th, etc.). At this conducting angle, a
frequency analysis 1s carried out usually analysing
hammonics up to the 30th hamonic. The harmonic ana-
lysis is performed on both the voltage and current on
the primary as well as the secondary side of the SVC
transformer.

Following the ana-
lysis, appropriate hamonic performance parameters
{e.g., D, TIF, IT) are calculated and compared with
specified values. For combined TCR/TSR/TSC iype com-
pensators, harmonic performance tests and analysis
should be carried out with and without the TSC branch
in service. Hammonic performance tests should be con-
ducted under various network demand conditions (i.e.,
peak load, off-peak load, light load, etc.; to ensure
compliance with the specified performance under as
many operational conditions as possible.

In & similar manner to the comblned TCR/TSR/TSC case,
when TCRs are combined with fixed capacitors/filters
and/or with mechanically switched capacitors, har-
monic performance tests and analysis should be car-
ried cut for all different values of such components
as they can significantly influence hammonic resonan-
ces anu voltage distortion levels. The specified
harmonic performance levels should be complied with
Tor all specified combinations of shuni capacitive
elenents.

€.3.1.6 Operating Characteristies and Slope Setting

Power system voltage variations at the busbar to
which the SVC is connected is a function of the SVC
reactive power output and equivalent system impedan-
ce at that busbar. These tests can therefore be car-
ried out only to the extent that the resulting vol~
tage variations are within limits acceptable 10 the
utility. The system equivalent for these tests is
illustrated in fig. 6.3.

- =
1
Xe i v
1
: Y lsve
POWER SYSTEM ! sve
EQUIVALENT <P:J
J' Shunt ref
== reactive |
element

Fig. 6.3 Circult for determining the SVC operating
characteristics

Given the above conditions are satisfied, the SVC
operating characteristics can be detemined by one
of the fellowing alternative methods :

(a) with the SVC reference voltage Uref and slope
setting fixed, the power system characteristics
as seen from the SVC busbar are modified by
switching shunt reactive elements, changing sys-
tem voltage,switching transmission lines, etc.
For each variatlon introduced, the SVC busbar
voltage U and current I are measured and plotted
as shown in fig. 6.4a.

() with the SVC slope setting fixed the SVC refe-
rence voltage Uref is varied. At each value of
Uref' the SVC busbar veltage U and current I are

measured. Then AU = U - Ur is plotted as a

ef
function of current ISVC as shown in fig. 6.4b.

From a plot of the Ay =10 - Ure as a function of

T

SVC current, per unit value of the slope setiing

{or slope reactance} can be calculated from
AU(Imted) - AU (I = O)

Urated

™ A
SL = Xg (pu} =

as shown in fig. 6.5.

The measurements described can be repeated at various
values of SVC slope settings and/or under varying
system equivalent impedance conditions to verify the
steady-state operating characteristic of the SVC wi~-
thin its design range.
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Fig. 6.4 Alternative methods of determining the SVC
operating characteristics and slope setting
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Fig., 6.5 Determination of SVC slope reactance

Depending upon the propertles of the SVC contrel sys-
tem the AU = f (1) characteristic shown in fig.6.5
mey not always pass through the origin, i.e.,

AU (I =0) ¢ 0, Prior to carrying out these tests,
additional control signals (other than the voltage
signal) which may modify U during the test, need
to be disconnected to ensuf& correct determination

of the control characteristics.

6.3.1.7 Static Characteristic of the Uncontrolled
SVC

The purpose of this test is to check the linearity
of the reactive power output (Q) of the SVC as a
function of the SVC contrel system output signal

BSV . The SVC and its control system are illustrated
15'%1g, 6.6. The test is important in establishing

that the esptrol system produces firing signals such
that the SVC putput can be varied linearly within a
given tolerance, over the design range.

U

Isve
a

SVG CONTROL r Uper

Bgvg

Fig. 6.6 The SYC and its control system

The test is performed by varying the reactive power
ouiput of the SVC over the design capability range
taking readings of

-~ 5VC reactive power output Q

- busbar voltage U
- control output signal BSVC

Each one of the measured values of reactive power
output § are corrected to the SVC rated output by

Q _ Urated 2
corr %neas _—

U

The measured reactive power ocutput values, correc-
ted to the SVC rated value (Qcorr)' are then plot-

ted against the corresponding control signal BSVC

measured, as shown in fig. 6.7.

The Q= f (BSVC) characteristic thus obtained should

be substantially linear within acceptable limits.
Some SVC control systems may not produce an explicit
BSVC control output signai. In such cases, the pro-

cedure should be suitably modified to monitor and
interpret the availablie contrel signals to ensure
that the contrel system produces firing signals such
that the SVC output can be varied linearly over the
design range.

REACTIVE
POWER O
{INDUCTIVE}

(pu)
J./

-Bgvcl ( P;J

REACTIVE
POWER Q
{(CAPACITIVE)
¥ (py)

Fig, 6.7 Linearity of SVC reactive power output with
control output signal

6.3.1.8 SVC Small Signal Response Tests

In order to detemmine the step response of the SVC
to small signals, recordings are taken of the volta-
ge U, the SVC current I and the control slgnal Bg,.
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(if available), when a step change 4l - is applied

at the reference summing junction of the 8V(Q control
system, as shown in fig., 6.8.

Isve

SVG

CONTROL

B;VC Urgr t+ AUrsf

Fig. 6.8 SVC small signal response test arrangement

From the recordings of SVC voltage (U), current (I},
(1;U), and B yo Yersus time, the contrel charact-
ristics of tﬁe control loop and the SVC can be iden-
tified as described in Section 5.3.2 of Chapter 5
and shown in fig. 6.9.

Bsve

" AU o

TIME

Fig, 6.9 SVC small signal response

It should be noted that the response time is strong-
ly affected by the power system equivalent impedance
X _at the point of the SVC connection, Any change in
the system due to switching or control may modify the
response. When carrying out these tests the signal

AU should be chosen such that the SVC is operating
withfn its capability linits.

6.3.1.9 SVC Control System Tests

The objective of these tests is the verification of
best galn and time constant setiings for the SVC con-
trol system, ensuring damped response over varying
system operaticnal conditions. The tests are usually
initiated under minimum system fault level (i.e.,
maximum system equivalent impedance) operating condi-
tions at the 5VC point of connection. Small signal
response testis as described in the previous section
are repeated at variocus control system settings and
system equivalent impedances (i.e., system fault le-
vels) which are modified by switching shunt reactive
elements, changing system voltage, switching trans-
mission lines, etc, The tests are analysed to esta-
blish the settings ensuring damped SVC output respon-
se over the widest range of system operating condi-
tions.

6.3.1.10 Large Disturbance Tests

In order to determine the large disturbance perfor-
mance of the SVC, it 1s usual to carry out a single
Phase to earth fault test in the vicinity of the SVC.
The SVC busbar voltage, SVC phase current, SVC trans-
former neutral current and SVC control system input
and output are typically recorded for subsequent ana-
lysis.

An alternative or additional test could be the swite
ching of an appropriate capacitor, reactor, transmis-

sion line or transformer in the vicinity of the SVC
to produce a disturbance of the desired magnitude.
Such tests are particularly relevant when the purpo-
se of the SVC is the control of temporary overvolta-
ges using its short-term overload reactive absorp-
tion capability.

Tests to verify the run-through capability of the

SVC are necessary for SYCs connected to power systems
with single~ or three-phase autoreclose facilities.
The tests should verify that the SVC will not be dis-
connected followling power system faults or large dis-
turbances inltiating the autoreclosure sequences and,
will be available fer system support following com=-
pletion of such sequences when its presence may be
most needed. The test verifying the run-through capa-
bility can be carried out at site, by removing the
controlled busbar voltage signal from the SVC regula-
tor summing Jjunction and measuring the time taken for
the SVC control/protection system to trip the SVC
circuit breaker.

€.3.1.11 Heat Run

For this test, the compensator is cperated at rated
reactive output in both the inductive and capacitive
range, until stable operating temperature is reached.
The absolute temperature and temperature rise above
cooling medium are noted for the various SVC compo-
nents.

Recommended time for the heat run is typically 8-10
hours if the system conditions make it possible.

6.3.1.12 Current Limiter Tests

To ensure that the compensator will not be overloaded
cor tripped from the system when the veliage rises
beyond rated value, the current regulator/limiter
must be checked for correct performance. One method
for checking the limiter without geing beyond rated
values 1s to lower the set points, say from 1.0 p.u.
to 0.8.p.u., and then control the current limiter at
the lower set point.

6,3.1.13 Noise Contrel

The acoustic nolse measurements on transformers and
reactors are recommended to be carried out according
to NEMA standard. Since there are no similar strict-
ly applicatle standards for thyristor valves, pump
motors, cocling fans, etc., values of 60-65 dbA at a
distance of 10 metres from the component (ISC R507,
IEC R179)} are suggested for manned substatlons and
for substations in built-up areas containing SVCs.

6.3.1.14% Hadio Interference

The radio interference level measurements should be
carried out according to standards set in IEC-CISPR
Publication 1.

6.3.1.15 Cooling System Test

Following completion of egquipment erection at site,
the cooling system integrity, especially for liquid
cooling systems, should be tested in a similar manner
to the tests in Section 6.2.1.4.9.

6.3.2 Slte Tests for Saturated Reactor (SR} type SVCs

The site tests for these types of SVCs are, in general
very similar to those for other types of SVC. Thus the
tests summarised under Section 6.3.1 will generally
apply, with the exception of tests concerning thyris-
tor valves and firing control systems.
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6.3.3. Site Tests for Self-Commutated Corverter and

2 . Thus the tests summarised under Seciion 6.3,1 will
tne-Commutated Converter Type SVCs generally apply. Siie tests may also include some

. tests establishing correct interactions between SVC
The site tests for these types of 5VCs are also in

X subassemblies.
general very similar to those for other types of SvVC.
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CEAYTER 7

CONTROL OF STATIC VAR COMPELSATORS FOR SFECIFIC APPLICATICNS AND FUTURE TRENDS

7+1 IKTRODUCTIOR

In transmission system applications, static var com—
Pensators are utilised where fast contrel of reacti-
ve power is of particular benefit in maintaining and,
or improving the system overall performance. The de-
sign and flexibility of the compensator control sys-
tem is therefore particularly important if the hene-
fits of the SVCs are to be fully realised over a wi-
de range of power system design and operational con-
ditions. Changes in power system conditions such as
medified generation patterns due to fuel cest diffe-
rentials, extensive utilisation of existing genera-
tion sites/transmission routes due to difficulties in
obtalining new sites/routes, etc., can intrcduce both
steady-state and dynamic problems as described in
Chapter 1.

In order to realise the full benefits of a particu~
lar SVC installation the SVC control system needs to
be designed such that a robust, flexible and consis-
tent performance is obtained under a wide range of
system operational cenditions and structural changes.
Furthermore the SVC control system should be capable
of co-ordinating the SVC response with other nearby
reactive compensation sources while minimising the
cperating losses.

It is clear that the control system design is a com-
promise among the abovementioned considerations. The~
re are inherent dangers in choosling inflexible SVC
control characteristics especially in circumstances
where changes in the power system siructure results
in much reduced system fault levels, severely degra-
ding the SVC performance and causing loss of control
action. In these circumstances it is necessary to
ehsure continuous adjustement of SVC control settings
in line with changes in power system characteristics.
Recent advances in control system design and micro-
processor control systems allow a more conslistent
speed of response 1o be obtained over a wide range of
operating cenditions. Furihermore, through the inclu-
sion of additional conirol signals, it is possible to
obtain betier dynamic performance and secondary con-
trol/co-ordination with other reactive compensation
devices in the transmission system.

In this Chapter, the SVC control system will be exa-
mined in terms of specific applications and future
trends.

7.2 PRINCIFLES OF VOLTAGE CONTROL ANL GAIN SUPERVI-
SION

The principal objective of an SVC in a transmission
system is to control voltage at the point of connec-
tien. Since an cpen-loop control strategy is not sui-
table for achieving such an objective withirn the re-
quired accuracy, (ref. 289), a closed-loop, i.e.,
feedback control system, is used. The voltage to be
controlled is continually measured and compared with
a reference value according to a voltage control cha-
racteristic :

U= Upr *(8L) . Igyg
where SL 1s the slope of the control characteristic
I is the SVC current (+} for inductive and
svC /
{~) for capacitive current
and U 1is the controlled busbar voltage to which the

SVC 1s connected.

The controlled veltage (U) is continually influenced

by the changes in the operational patterns of the
transmission system to which it is connected. The
transmission system at the controlled voltiage busbar
can be characterised by the equivalent system reac~
tance (Xg) corresponding to a short circuit fault MVA
infeed {3_. as shown in fig. 7.1la. Thus in terms of
systems quantities the contrel voltage (U} can be ex-
pressed by :

X 2 2

SYC U U
Us—g—— . E with - and S =
*esve R o ¢ X
fnx XbVC > XP usually obtained in power systems :
Xe
U:E-XE.ISVCgE(l-X )
svc
or alternatively in terms of reactive power for
s
gy K5 %
U =____E____ ~ B(L - .Erjﬂl__)
QSVC c
b =
C

In the above equations the equivalent system reactan-
ce (X ) continually varies according to the changes
in thE generation, load and transmission configura-
tion. The voltage at the contrelled busbar is also
influenced by these changes. A simplified block dia-
gram of the SVC voltage control characteristic inclu-
ding the transmissicon system effects is shown in

fig, 7.ib {ref. 148, 223, 267, 321).
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Fig. 7.1 Simplified transfer function diagram of the
SVC voltage control system including trans-
mission system effects for Uzljrated

Assuming the adoption of SVC veltage control systenm
settings corresponding to the minimum system short-
circuit fault MVA infeed conditions (5_ . ), the
variations in the response time of such B'Bontrol sys-
tem as a function of gystem fault MVA infeed and SVC
reactive power output is illustrated in fig. 7.2

(ref. 223, 267). The figure indicates that the respon-
se time of an SVC contrel system set in the above man-
ner will become larger, i.e., the response will beco-
me slower as the system fault MVA infeed increases.
Inconsistency of response over varying system condi-
tions is undesirable as it prevents the advantages of
installing the SVC to be consistently realised and in
some cases may lead to control system instability.
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One example of solving the widely varying SVC res-
ponse problem is the provision of pre-set gain values
within the SVC voltage regulator which can be selec-
ted manually to match the system operating conditions.
Assuming such gain values can be established, the
manual selection of the appropriate galn cannot be
consldered sufficiently fast to ensure adequate ad-
justment especially under rapidly varying system
conditions. To avoid SVC control system instability
and the consequent system voltage control problems,
an automatic gain supervision control can be inclu-
ded within the SVC voltage regulator. The role of
this control feature is the continuous adjustment

of SVC voltage regulator gain over a wide range of
power system operating condliticns such that uniform,
near-optimum response can be obtalned consistently
(ref. 321). The practical advantage of such contrel
over a wide range of system operating conditions is
most likely to ensure thelr adoption as a standard
control feature in future applications.

In its simplest form, the automatic gain contrel

can take the form of gain switching contrel, swit-
ching a number of pre~set gain values. The control
action could be based on interpretaticn of external
signals such as transmission line circuit breaker po-
sitions at the substation connecting the SVC to the
system (ref. 328;. Alternatively, an automatic devi-
ce capable of detecting contrel system instabllity
can be installed to adjust the SVC voltage regulator
gain continuously (ref. 321). This method may be
adequate if the control system instablility is in a
frequency range widely separated from the electro-
mechanical oscillation frequences of the power sys-
tem. The connection of gain supervision control to
the S5VC voltage regulator is illustrated in fig. 7.3.
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Fig. 7.3 Connection of gain supervision contrel to
the SVC voltage control system {Un U
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An illustration of resulis of a study of a SVC being
subjected to operating conditicns which have led to
its voltage control system becoming dynamically uns-
table is given in fig. 7.4, & further illustration is
given in the manner in which the studies have shown
how stability of the contrel system can be regained
by the introduction of an automatic gain supervisor
type of controller (ref. 321;.

Due to the adapiive nature of gain supervision con-
trol, addition of such facilities can prove valuable
if the power system is.subject tc frequent wide va-
riations of equivalent system ilmpedance at the SVC
point of connection.

VOLTAGE
REGULATOR §
QUTPUT
VOLTAGE # TIME
REGULATOR
GAIN
{FIXED)
TIME
(a)
VOLTAGE
REGULATOR 4
OuTPUT
VOLTAGE 4 HIGHER TIME
REGULATOR ¥ LOWER
GAIN
TIME

{b)

Fig. 7.4 Illustration of SVC voltage contrcl system
behaviour; (a) without and {b) with gain
supervision control

The accuracy of the SVC voltage regulator can be im-
proved by using two feedback contrel loops, with the
outer loop based on the slope of the voltage control
characteristics and the inner loop on current feed-
back. This allows for much more accurate tracking

of the SVC current in the control range. The struc-
ture of such an SVC voltage regulator control system
is shown in fig. 7.5 (ref. 289).
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The provision of a load dependent signal enables a
TC, TS8C, TSR, 3CC and LCC iype SVCs to exhibit a vol-
tage/load droop characteristic within its rated

MY¥ar operating range. In the case of SR type SVCs,
however, the slope of the voliage control characte-
ristic is fixed by the slope correcting capacitor and
saturated reactor design. The control action of such
a compensator, to minimise voltage variations, is en-
tirely due to its inherent response characteristiecs.
External veltage regulator loops are therefore not
required. However, the deslgn of the SR type SVC
permits the use of slow acting voltage control loop,
based upon SVC current measurement, to adjust the
tap-changer of the SVC transformer.

Due to the fast response of their inherent or con-
trol system characteristics SVCs are capable of exer-
ting accurate control on the busbar voltages so long
as the reactive power demanded by the voltage varia-
tions remagins within the SVC control range. For sys-
tem voliage variations beyond its control range the
SVC will continuve to functicn as a fixed shunt reac—
tor for system overvoltages and as a fixed shunt ca-
racitor for system undervoltages. The SVC can be ope-
rated continucusly in the undervoltage range. Howe-
ver, in the overvoltage range, continuous operation
may be limited by the overload rating of the SVC in-
ductive elements. For TCE, TSR, SCC and LCC type
5V¥Cs, continuous or sustained periecds of operation
in the overvoltage range may entail a substantial
increase in capital expenditure because both the in-
ductive elements and the thyristor valves will have
to be rated for such duty. The inherent overload ca-
pability and fast response of the SR type SVCs make
them more suitable for such applications.

7.3 PRINCIPLES OF REACTIVE FOWER CONTROL AND CO-
ORDINATIOHN

Static var compensators with their capability for
continuous fast variation of their output, are most
sultable for meeting the dynamic response require-
ments of the power system. The operating regime of
the SVOs requires co-ordination with other reactive
Power sources in order to obtain desired overall res~
ponse, matching system requirements. If this co-ordi-
nation is not provided the SVCs will tend to operate
often at the extremes of thetr capability range due
to their fast response while other reactive power
sources will remain relatively quiescent. Thus, the
SVCs will be responding to normal network operational
changes leaving 1iitle or no reserve for counterace
ting large and small system disturtances. The addi-
tion of a reactive power control loop into an indivi-
dual SVC or a group of SVCs in a substation, together
with co-ordinated control and switching logic for
controlling other reactive power sources in the vi-
cinity of the SV(s, would achieve the desired effects
of co-ordination between individual SV(s and other
slower acting reactive compensation devices. A possi-
ble configuration of such a control system is shown
in fig. 7.6.

TO OTHER
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OUTPUT LEVEL SWITCHING COMPENSATION
DETECTORS STRATEGIES DEVICES
¥
REACTIVE aa TO SVC VOLTAGE
) POWER

[ REFERENCE
REGULATOR SUMMING JUNCTION

Fig., 7.6 General configuration for reactive Power
control

The reactive power contrel loop is a slower acting
loop than the voltage control loop and/or inherent
response characteristics of the SVC., In its simplest
form, the reactive power control loop brings the SVC
back to a predetermined operating point within its
control range folleowing each system change. This ac-
tion is illustrated in fig., 7.7. The figure assumes
that under power system operating conditions charac-
terised by Curve (1), the compensater operates at
point A of its control characteristic at reactive
output + For a change in power system operating
conditlohs, characterised by Curve (2), and corres-
ponding to a voltage change U, the SVC operating
point will rapidly move and settie at B. The reac-
tive power conirol will new slowly bring the SVC ocut-
put back to its original value Q at point C. At
the same time the resulting voltage rise in the net-
work can be compensated with slower mechanically-
switched devices (refs. 148, 223 and 267;.

/ == fast response (A-B)
/ —*— slow response {B-(})
/ switching of other
reactive sources {C)

b e e .
Tony

-

it Q
CAPACITIVE Qof INDUCTIVE

Fig. 7.7 Principle of reactive power control with an
SVC

The principle of co-ordinating the SVC output with
mechanically switched shunt reactors (MSR) and capa-
citors (MSC{ is illustrated in fig. 7.8. The swit-
¢hing of MSH and MSC devices is usually carried out
in relation to 5VC output, busbar voltage and/or SVC
current. This type of co-ordinating contrcl can be
applied to operate in conjunction with all types of
SVCs including TCR, TSR, TSC, SCC and LCC, and SR
types. Care needs to be taken to ensure appropriate
hysteresis characteristics for switching MSR and MSC
devices to avoid hunting and possible damage to me-
¢hanical switching devices due to frequent operation.
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Fig. 7.8 Principle of switching mechanically switched

shunt reactors and capacitors in conjunction
with the SvVC
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zgjgifoivailability of maximum reactive Power ab
when a cable section to which s
connected is energised (ref. 284, the TOR 15

5 state of readiness to

- initiation of continucus cond
t uction of TCRs u
getectlon_of system faults in the vicinity ofpgge
installation such that veltage rises on the asso-

clated cables can be limited
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] : quickly to zerc as well
rapld sw;t;c?zngiof TSC and MSC to assist voltaege *e
recovery folloW¥ng a fault in the vicinity of
SVC (refs. 328, 329). v of the

Further examp}es of such strategies which have been
used in practical schemes can be found in Chapter 8.

7.4 PRINCIPLES OF CONTROL FOR SYSTEM TRANSIENT STABI-

LITY AND POWER OSCILLATION DAMPING P
AT ERFORMANCE

Theftransient stability and power oscillation damping
peromance of a power system can be improved through
Studies have confirmed the beneficial effects of stra-
tegies based upon fast insertion of thyristor swit-
ched capacitor {TSC) and mechanically switched capa-
citor (MSC) type devices for system transient stabili-
ty, and additional feedback loops based upon ( AP/AL)
of (Af) for power esclllation damping (refs. 89, 140,
148, 263 and 335)., The results of a study illustra-
ting the transient stability enhancement obtainable
through the use of a 100 MVar TSC are given in fig,
7.9 {ref. 89). The figure illustrates that, following
a three-phase fault causlng the cutage of one of the
two parallel tie-lines between two power systems,
stability can be maintained for power transfers up to
the thermal rating of the tie-line remaining in ser-
vice.

In order to enhance the power oscillation damping
performance of power systems, additional power oscil~
lation damping loops are installed in generator exci-
tation control systems. However, under certain system
operating conditions, further damping of power oscil-
lations may be required, as conventional voltage con-
trol via reactive compensation devices at busbars
away from generation sources, can actually reduce sys-—
tems damping {refs. 172, 3023.

Possible configurations of power oscillation damping
controls are shown in fig, 7.10. Such controls are re-
quired to track power oscillations in the 0.1 - 2 Hz
range with sufficient accuracy ic introduce the requi-
red additional damping by changing the output of TCR,
TSR, TSC, SCC and LCC type SVCs., Due to thelr inhe-
rent control characterlstics, based upon voltage va-
rtations, it is not readily possible to apply such ad-
ditional control signals to SR type SVCs. Although
not included in fig. 7.10, control strategies for
switching of MSR and MSC devices can of course be ad-
ded as described in the previous section.
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Fig, 7.10 Posslble configuration for power oscilla-
tion damping controls based upon (a) system
acceleration (AP/At) and (b} system fre-
quency deviation {Ar)

Additional control looPs for power oscillation dam-
ping purposes have been installed as part of practi-
cal SVC control schemes (refs. 302, 332; k2, 253
and 358), further details of which can be found in
Chapter 8. The principle of improving power oscilla-
tion damping using (AP/At) as an additional cenirol
signal in conjunction with a TSC type SVC is illus-
trated in fig. 7.11{(a). The onset of power oscilla-
tion is detected via continuous monitoring of power
changes on a transmission line in the vicinity of the
SvC, and the TSC steps are switched in or out depen-
ding upon the sign of rate of power change. The swit-
ching process continues until the power changes fall
below a predetermined level. Site test results ob-
tained from a recent application using additional
damping signal based upon (AP/At) on a TCH are given
in fig. 7.11(b) (ref. 358}. The test was carried out
to detemmine, system damping performance following
loss of generation in a power system exporting power
to ancther system over a tie-~line.
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Fig. 7.11 Principle of power oscillation damping per-
formance enhancement utilising (AP/At) as
an additional signal (a) in a TSC control
system and (b} in the TCR control system
in a practical case

7.5 CONTROL FOR SUBSYNCHRONOUS RESONANCE DAMPIING
APPLICATIONS

Subsynchronous oscillations which can occur due to
the interaction between the electrical power systems
contalning series capacitor compensation of irans-
mission lines and turbo generator mechanical systems
can be damped by installing an SVC in the vicinity
of the particular generator (refs. 185, 330). Effec-~
tive damping of subsynchronous resonance{s; can be
achieved by utilising an additional control loop
based upon the generator rotor speed deviation si-
gnal (Aw) {(refs. 265, 330).

Thyristor controlled reactor (TCR) type SVCs are
most commonly used for subsynchrenous oscillation
damping purposes. It is not possible to use satura-
ted reactor (SR} type SVCs for such applications due
1o their inherent control characteristics.

7.6 PRINCIPLES CF INDEPLNDENT PHASE CONTROL

Individual control of each SVC phase susceptance is
required for load balancing applications in order to
achieve the continucus adjustment needed to reduce the
magnitude of the varying voltage unbalance in a power
system, The SVC voltage control loop for such appli-
cations is arranged such that each individual phase
of the SVC is controlled through its own independent
controller while operating within the 5VC control
range. An example of such a voltage contrel loop
structure is given in fig. 7.12.

While the system voltage unbalance is within the SVC
control range, individual phase voltage control can

be used to maintain a pre-set reference voltage. Ho-
wever, when one of the individual phase controls de-
mands an SVC output at or beyond the contrel range,
then two different slow acting control strategies can
be applied depending upon the requirements. The "balan-
ced voltage control" strategy ensures that preference
is given to negative phase sequence (NPS) voltage
control by adjusting the reference set point of all
three individual controllers such that a pre-set con-
trol error is achleved. This ig of interest when net-
work voltage changes of high magnitude tend to force
the 8VC to operate outside its control range. On the
othe= Hand "average voltage control” strategy ensures
preference is given to pesitive phase sequence (PPS)
voltage control by adjusting the reference set point
of all three individual controllers such that the ave-
rage of three phase voltages is kept equal to the set
reference voltage.
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Fig. 7.12 I1lustration of individual phase control
with an SVC

In order to achieve the desired voltage control cha-
racteristic the "individual" or “average" droop can
be calculated. Use of average droop ensures the ai-
ming of all three individual controllers to the same
effective set point and effective elimination of NPS
voltage component. In addition to the above, facili-
ties such as slow acting SVC limit controls to pre-
vent the operation of the SVC outside its control ran-
ge, and dc current level control to prevent a build-
up of dc currents which cause saturation of the SVC
transformer, are required. The latter control acts to
reduce the asymmetry of thyristor firing by adjusting
half-wave firing instants.

Continuous individual phase control can only be achie-
ved by thyristor controlled reactor (TCR) type SVCs.
The plain thyristor switched capacitor (TSC) and thy-
ristor switched reactor (TSR) type SVCs are only capa-
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ble of exercising individual phase control in dis-
crete steps, which generally means that to achieve
the same quality of control as the TCR many discrete
switching steps need tc be employed. SVCs consistlng
of mechanically switched reactor (MSR,, mechanically
switched (MSC) or fixed capacitor (FC) units in com-
bination with thyristor controlled reaciors (TCR)
have an enhanced contrel range and individual phase
control characteristics similar to those of the TCR
type SVCs. Converter (SCC and LCC) type SVCs with
common passive DC storage component {C or I} may not
be suitable for load balancing applications due to
the greatly increased ripple content in the DC quan-
tities. The saturated reactor {SR) type SV(s are ca~
pable of reducing NFS veltages due to system unba-
lance. The magnitude of the finite reducticn depends
upon power system and 3VC characteristics. Use of
three single-phase saturated reactors instead of a
single three-phase unit cgn yield further finite
reduction of NPS voltages. The increased harmonic
filtering requirements for a single three-~phase unit
and the finite nature of the KPS performance impro-
vement, dependent upon system and SVC characteris-
tics, needs to be borne in mind when considering
these types of SVCs for load talancing applications.

7.7 BUTURE THoNDS

Due to recent advances in microprocesscrs and infor-
mation processing technology many of the control and
protection functions associated with SVCs can now be
combined within one controller.

Such a microprocessor based contreller can be equip-
ped through suitable software to co-ordinate the 3SVC
output in accordance with :

- voltage control requirements during normal system
operation

- voltage control requirements during large system
disturbances

~ gain contrel adjustment according to system confi-
guration to achieve optimum SVC response

- hlerarchical control requirements according te
predetermined strategies

- system transient stability performance requiremenis
- system damping performance requirements
- system subsynchronous damping requirenents

~ system individual phase balance reguirements

The microprocessor based control systems are alsc
ideally sulted for overall system control applica-
tions, such as secondary voltage controel, which co-
ordinate overall system reactive power needs through
dispatching the output of each available reactive
compensation element for a particular system confi-
guration.
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CHAITER 8

A _SURVEY OF OFRHATIONAL BEXFLRTENCE WITH STATIC VAR COMPENSATORS

8.1 INTRODUCTION

In recogniticn of the need to demonstrate the succes—
sful aprlication of static var compensators to trans—
mission systems, a survey on the SVC operational ex-
perlence bhas been conducted by CIGRE WG 38-01 Task
Force Ne.Z, To accomplish this task, a survey ques-
tionnaire seeking information both on the nature of
the particular SVC application and the year-by-year
operational experience was prepared. This question-
naire was circulated worldwide to the utilities with
SVC installations on order and/or in service.

Replies were recelved frem 25 utilities on 73 indi~
vidual SVC installations. This chapter includes the
analysis of the replies in temms of detalled SVC
technical data related to each application and ope-
rational experience.

Together with the SVC functional specification dis—
cussed in Chapter 5, the provision of technical and
performance data on current SVC installations forms
useful background information to assist power system
engineers in the specification and design of new SVC
projects. The cperational data is expected io bene-
fit those concerned with both design of future and
operation of existing schemes.

The value of such survey data has been amply demons-
trated through CIGRE Study Committee i4 survey data
on HVIC links. Similar benefits are cbtainable by ex-
tending this current survey to bPericdically obtain
information on new SVC schemes and further cperating
experience of existing schemes. The necessary proto-
cols for the reporting procedures are well establis-
hed and can be modified by regular review to sult de-
veloping needs.

8.2 IESCRIPTION OF THE SURYEY QUESTIONNAIRE

The survey questionnaire was arranged in two parts,
the first seeking “application and design" and the
second seeking "reliability and performance® data.
Adequate notes and definitions were provided to as-
ﬂﬂtMmewMMgMHMMSmcmmaMgme
questionnaire. The contributors were also reminded
that only 8VC installations commissioned, on order
or in the planning stage for application to their HY/
EEV network would be included in this survey. SVC
installations for lndustrial applications, such as
flicker reduction, have been excluded from this sur-
vey.

Part I of the questionnaire on "application and de-
sign" data sought information mainly on the following
technical characteristics of the SVCs, namely :

(1) present status, type and cooling method

(i1) continuous and overload rating, the means of va-
rying the 5VC output

(11i)purpose(s) of installing the SVC (in order of
importance)

control strategles applied for operation under
system undervoltage and overvoltage conditions

{v) main (M1, M2...) and supplementary (81, sz2...)
control signals used in controlling the SVC
output and the means of obtaining these signals

(1v)

(v1) slope of the control characteristic, reference
voltage setting and mange

(vii) maximum and minimum system fault levels at the
point of connection of the SVC

(viil)specified and measured hammonic levels for the
SVC, provisions made for harmonic filter(s)

In addition to the above information, the contribu-
tors were asked to include :

(ix} a single line diagram of the SVC indicating ra-
ting of major SYC components, conrecticn arran-
gements and other significant equipment in the
vieinity of the SVC

(x) pertineant comments on the application and de-
sign of the 3VC

(xi) details of field tests carried out to confirm
the performance of the SVC,.

These last three items of information were conside-
red of special impertance in terms of conveying in-
formation on beth the design and successful opera-

tion of the SVC installations.

The contributors were requested to quote nominal ra-
ting in MVar at the appropriate winding side of the
SVC transformer to which this rating is applicable.
For the overload rating, the appropriate current ra-
ﬁmwﬁhWewn%mmmswmumatmuruMg
Wa.s requested.

Fart 2 of the questionnaire on "reliability and per-
formance” data socught information mainly on the fol-
lowing operational characteristics of the SVC :

{1) overall availahility
{ii) planned outage rate
(i11) forced outage rate
{iv) mean time between planned outages
{v) mean time between forced outages
(vi) mean time per plamned outage
{vii) mean time per forced outage

{v1ii) number of main SVC component failures causing

. forced outages
(ix; other causes leading to forced outages

The main compeonents of the SV( this purpose were de-
signated as :

{a) transformers

b) capacitors

¢} reactors

d) filters

e) circuit breakers and isolators

f) thyristor valves

g) SVC contrel and internal protection equipment
Eh) auxiliaries

1) other specific components.

The contributors were requested to quote the above
“reliability and performance® data for annual perleds
of operation. In cases where this period was shorter,
the actual period of operaticn in hours was requested.
The terms and definitions used in obtaining the "ap-
plication and design” as well as "reliability and
performance® data are included in Chapter 9.

8.3 RESULTS OF THE SURVEY

The results of the survey are presented in the form
of four tables according to the particular SVC types
or cembinations of SVC types :



Table I - Thyristor Controlled Reactors (TCR)

Table II -~ Thyristor Controlled Reactors and Mecha-
nically Switched andsor Fixed Capacitors
(TCR + MSC + FC)

Table 111 - Thyristor Controlled Reacters and Thyris-
tor Switched Capacitors (TCR + TSC)

Table IV = Other Types of SVC including individual

application or combinations of :

Thyristor Controlled Reactor, Thyristor Swiiched
Capacitor and Fixed Capacitor (TCR + TSC + FC)

Thyristor Controlled Reactor, Thyristor Switched
Capaclitor, Thyristor Switched Reactor and Mecha-
nically Switched Reactor (TCR + TSC + TSR + MSR)

Thyristor Switched Capacitor and Thyristor Swit-
ched Reactor (TSC + TSR)

Self-Commutated Converter (SCC)

Thyristor Controlled Transformer and Fixed Capa-
citor (TCT + FC}

Saturated Reactor (SR)

Saturated Reactor and Mechanically Switched and,
or Fixed Capacitor (SE + MSC + ch

(a)
(b

(e)

(d)
(e)

(£)
{e)

In each table, the "application and design" data is
included in Fart 1 while the "reliability and perfor-
mance” data 1s included in Part 2 of the table. The
“"application and design" data is given on an "indivi-
dual”™ unit basis in almost all cases, except where
total ratings for the particular static var system
(SVS) are given. The “rellability and performance®
data is given on an "individual® unit basis without
exception, and operational experience for each ope-
rational year 1s detailed.

In terms of the totzl installed SVC capacity on a
year by year basis the replies received from 25 uti-
lities can be summarised as follows :

TOTAL INSTALLED SVC CAPACITY

YEAR N° of SVC UNITS Capacitive Inductive
MVar MVar
1969 i 20 15
1975 i 80 8
1977 i 0 18
1978 7 1112 353
1979 4 230 57
1980 2 35 145
1981 5 o7 450
1682 6 825 591
1983 6 590 &72
1984 17 2747 1131
1985 13 1650 1300
1986 il 1100 600
1967 i 70 50
TOTAL 73 8866 5390

The SVC capacity quoted in the above summary take ac-

count of harmonic filters assoclated with the SVC ins-
tallations. This means that the actual MVar rating of

inductive SVC components installed is larger than that
shown. The reader is requested to refer to single 1li-

ne dlagrams indicating individual component ratings

to obtaln a better appreciation of the actual amounts

of inductive plant installed.

In the following sections, salient points from the
analysed results of the survey are presented for each
type of SVC on which information has been received.
Observations on the additional comments received, and
field tests conducted, 1s presented in separate sec-
tlons for all SVC types.

8.4 SVCs CONSISTING OF THYRISTOR CONTROLLED REACTCRS

(TCR)

The experience with this type of SVC dates back to
1977. Although continuous ratings vary, the largest
individual rating quoted 1s for 180 MVar SVCs in Nor-
way. Preference appears to be for combining the TCRs
with mechanically switched or fixed capacitor banks
acting as harmonic fllters, with the exception of
three Norweglan installations. The output of the TChs
is varied continuously in all quoted applications.
Conbinations of TCHs with larger sizes of mechanical-
ly switched or fixed capacitors over and above the
harmonic filtering requlirements, are covered in Sec-
tion 8.5.

Although the HY voltage of the SVC varies from sys-
tem to system, the voltages at the LV side of the

SVC transformer appear to be in the range of 8 to

1L kV, All applications, except Norway, use six pulse
thyristor conflguration. Air, water or glycol is used
for cooling of thyristors.

The TCR type of SVC 1s most commonly installed for
voltage control, reactive povwer compensation and sub-
synchronous resonance damplng purposes. As a result
of closer control of voltage and reactive power by
the SVC, improvement of power transfer capability is
quoted as & further benefit.

The control strategles adopted for operaticn under
transient undervoltage and overvoltage conditions va-
ry between applications and are quoted in Table I.

The preferred main control signal appears to be three-
phase voltage measured at the HY side of the SVC
transformer, with the current measured at the LY si-
de of the SVC transformer being the preferred supple~
mentary control signal. The preferred method of mea-
suring the HY side voltage 1s wound voltage transfor-
mners.

The preferred slope of the SVC contrel characteristic
is around 5%, with the voltage reference setting of
0.95 p.u. to 1.02 p.u. of nominal voltage. The refe-
rence setting is variable at around + 57 to £ 10 % of
the nominal voltage.

Preference appears to be given to specifying accepta~
ble limits for harmonic voltages, currents and volta-
ge distortion at the HY side of the SVC transformer
and carrying out the measurements at that peint. Har-
monic Tilters appear 40 be usually provided for the
5th and 7th harmonics, although in certain cases fil-
ters for 2nd and 3rd harmonics are alse provided.

From Table I {(Part 2} the following general conclu-
sions can be derived in terms of the performance of
TCR type SVCs :

{a) Overall availability averages around 98% or bet-
ter

{b) Average planned outage rate is around 1% per an-
num while the average forced outage rate is ob-

served to be about 0.5%, or lower

Mean time between planned cutages appears to im-
prove with increasing years in operation. The fi-
gures appear to settle out to an average of 1.5
nonths of mean time between planned outages with

6 hours as the mean outage duration in the Chi-
lean experlence, tc an average of six months and
24 hours, respectively, in the Norwegian experien-
ce

(e)

(d) In the Norweglan experience the mean time between
Planned and forced outages and the corresponding

time per planned or forced outages are somewhat
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slnilar. In the Chilean exaperience, forced outa-
ges are observed to be approximately twice as ra-
re as planned ocutages With considerably less ave-
rage time spent to correct the causes for the
forced outages

(e)Very few failures of transformers, capacitors,
reactors, filters, circult breakers and isolators
causing forced outage of the TCR type SVCs are
reported by all contributers. Norway reports scme
failures of thyristor valves causing forced ou-
tages, but these appear to decrease with accuru-
lated periode of experience. Similarly, Chile re-
ports some SVC contrel and internal protection
faillures causing forced outages, which are also
observed to decrease with experience.

Among other causes of forced cutages, Chile reports
refrigeration systen failures and Norway reports a
surge arrester faillure due to en earth fault as well
as some auxiliary equipment faults.

The above conclusgions generally indicate that TCR
type $VCs have performed reliably and satisfactor-—
ily as components of the power systems to which they
have been applied. The number of forced outages due
to failures of major TCR components is observed to
be relatively low, as well as the period of disrup-—
tion due to such failures.

8.5. SVCs CONSISTING OF THYRISTOR CONTROLLED REACTORS
AND MECHANICALLY SWITCHED AND/OR FIXED CAPACI-
TORS (TCR + MSC + FC)

The technical characteristics of TCR type SVCs have
been included together with their operation perfor-
mance in the previous section. Some of these units
include capacitive filter elements tuned to partic-
ular harmonics. These filter elements provide some
MVAT generation range to the TCRs. In this section
combinations of TCR and mechanically switched and/or
fixed capacitor devices will be examined where the
capacitive elements included are well above the
rating required for harmonic filtering purposes.

The experience with the (TCR+MSC+FC) type of SVCs
dates back to 1978 as shown in Table II. By far,
the largest number of such $VCs are expected to be
in operation on the ESCOM {(South Africa), and the
CHESF (Brazil) transmission systems by mid 1985 to
1987, and five such SVCs are already in service in
the Hydro-Quebec (Canada) system. The largest in-
stallations are on the Hydro—Quebec and ESCOM
systems.

Although the HV voltage of the $VC varies from sys-
tem to system in the 132 kV to 735 kV range, the
preferred LV voltages are in the range of 22 to 30 kV
for the larger, and 5 to 24 kV for the smaller SVCs.
The majority of the SVCs appear to be twelve pulse
configuration while CHESF reports six pulse operatiom
as optionmal. Air or water cooling is utilised for
cooling the thyristors.

Hydro-Quebec reports that four large identical SVCs
are installed mainly for improving system transient
capability and system damping, with added benefits

of voltage control as well as limitation of temporary
overvoltages. The larger SVCs on the ESCOM system
are installed mainly for improving power transfer and
system transient capability. However, the main pur-—
pose of the smaller SVCs on the ESCOM system is to
minimise the voltage unbalance on the network due te
single phase AC traction loads.

Apart from Texas Utilities which reports automatic
switching of capacitor banks under lower than nomi-
nal voltage conditions, no other specific undervol-
tage strategles have been reported. Hydro-Quebec
reporis a series of time duration ratings for up to
2 p.u. overvoltage.

The preferred main control signal is three-phase vol-
tage for the North American SVCs, while individual
rhase voltages and three-phase voltage, based upon
positive and negative sequence only, are preferred

by ESCOM and CHESF, respectively. ESCOM reports the
use of reactive power as a supplementary signal for
switching other means of reactive compensation at

the same busbar as the SVC., No clear preference for
the method of deriving the maln control signal emer-
ged from the replies received.

Preferred slope of the control characteristic is
around 3%. While Hydro-Quebec reports a voltage re-
ference setting at nominal system voltage with a

+ 5 %, ESCOM reports a voltage reference setting va-
rying in the + 10 % to - 5 % range according to sys-
tem conditions.

Specification of hamonic perfomance at the HV bus-
bar 1s preferred by all the contributors, with Hydro-
Quebec and CHESF specifying total and individual har-
monic voltage distortion as well as telephone influen-
ce factor (TIF) and total hamonic current factor (IT).
Individual harmonic current levels are specified by
ESCOM, Fixed capacltor banks are utllised as neces-
sary to provide harmenie filtering.

Hydro-Quebec reports a number of additional protec-
tlon and control features associated with the {TCR +
FC) type 5VCs on their system. As fuller definition
of these features can be found in Chapter 9. A des-
cription of the single-phase control applied by ESCOM
is given in Table II.

The operational experlence so far relates malnly to
the Rimouski and Nemigkau SVCs on the Hydro-Quebec
system. From the performance data supplied, satisfac-
tory performmance of the Rimouski unit with an average
of 97 % overall availability is noted. Reactor fai-
lures in the early years, .and capacltor as well as
external equipment failures in the later years of
operation, are reported as the main causes of forced
outages for this SVC. The poor overall availability
of the first Nemigkau SVC in the first two years of
operation appears to be mainly due to the fallure of
the SVC transformer lasting 91 days. In addition, ca-
pacitor, SVC contrecl and protection, external equip=-
ment fallures and human error have contributed adver-
sely to the overall availability. The experience wlth
the second Nemiskau SVC shows a marked improvement
over the first unit.

Information on the reliability of the ESCOM compen-
sators 1s not available. However, no major component
failures have been reported in the first year of ope-
ration other than a human error causing damage to

two thyristors.

8.6 SVCs CONSISTING OF THYRISTOR CONTROLLED REACTORS
AND THYRISTOR SWITCHED CAPACI CR + TSC

Although the experience with the (TCR + TSC) type of
SVCs is confined to the last five years, the majori-
ty of the EVCs described in Table III were commis-
sloned between mid 1983 and mid 1985. The majority
of the SVCs are rated in the 100 MVar to 300 MVar
range, both in MVar generation and absorpilion range.
The SVC output is varied continuously in all appli-
cations.

The HV voltage of the SVC varies from system to sys-
tem in the range of 120 kV to 765 kV, the LV veltia-
ges are in the 2.36 kV to 18.7 kV range. Preference
appears to be for water cooled thyristors of six pul-
se configuration, with the exception of alr cooling
in the ESCOM as well as twelve pulse configuratlen in
the Hydro~Quebec and Norweglan SVCs.



Hydro-Quebec reports that two 5VCs at Chateauguay
are installed mainly for limiting temporary overvol-
tages associated with the HVDC link at the same lo-
e¢ation. The other four identical SVCs are installed
mainly for improvement of system transient capabl-
lity and system damping. ESCOM reports voltage ba-
lancing as the main duty of their SVC. Voltage con-
trol is cited as the main duty for the SVCs in the
SECV (Australia), NVE (Novﬂay¥ and EDELCA (Venezuela)
systems.

Hydre-Quebec reports fixed and/or selectable strate-
gles for SVC operation under transient undervoltage
conditions, while under transient overvoltage condi-
ticns the SVCs are pushed to their inductive ceiling.
Norway reports that, upon fault clearance, the TS5C
is blocked and TCR is pushed to the inductive celi-

ling.

The preferred maln control signals for the Hydro-
Quebec SVCs 1s three-phase voltage and current,with
the voltage measured by a wound VT on the HY side of
the SVC transformer. The ESCOM compensator utilises
individual phase voltages as the main control signal

for voltage balancing duty. SECV and NVE report three-

phase voltage as the main signal. SECV utililises fre-
gquency and HV current(s) as supplementary signals for
enhancing system damping performance, while NVE uses
B (susceptance) and LV currents as supplementary
s 1s for voltage control purposes.

Preferred slope of the control characteristic is 3 %,
except for 5 % used in the Norweglan and L % in the
ESCOM compensators. Reference voltage settings are
generally applied at nominal voltage with a + 5 7
range, Norways reports voltage reference setting cor-
responding to 0.95 p.u. of nomipal and ESCOM reports
that the voltage reference setiing is varied accor-
ding to system conditions.

Specification of harmonic*perfomance at the HV bus-
bar is preferred by all utilities participating in
the survey. Total as well as individual hammonic vol-
tage distortion, telephone influence factor and total
harmonic current factor are specified by Hydro-Quebec
and EDELCA. ESCOM reporis specification of harmonic
currents at the HV busbar while SECV also includes
harmonic voltage levels in their specification. Nor-
way specifies total and individual harmonic voltage
levels.

BIELCA and Hydro-Quebec report tuning of TSC capa-
citor btank and serles reactor to the 4,5th harmo-
nic (270 Hz) and 5th hamonic, respectively. Sepa-
rate filters for the 5th and 7th harmonic are in-
cluded in the SECYV compensator, while in the ESCOM
cozpensator filters for the 3rd and 4.5th hammonic
(225Hz) are provided.

Detailed definitions of a number of the additional
protectlon and control features assoclated with the
(TCR + TSC) type SVCs on the Hydro—Quebec system
are included in Chapter 9. Among the control featu-
res used, SVC control system gain supervision 1s one
of the most interesting. Hydro~-Quebec and EDELCA
indicate use of flltering technlques to protect the
SVC controller against second harmonic instability
and to improve dynamic response.

The operational experlence relating to ESCOM and
SECY 5VCs i1s given in Table III, ESCOM reporis that
the data needed to calculate SVC reliability, is not
avallable. In the five year operational period
(1979-1984), ESCOM reports three capacitor fallures
as causes of SVC forced outages. The thyristor fai-
lures reported by ESCOM appear to be mainly due to
Problems in monltoring the standing voltage on capa-

citor cans, and saturation of auxiliary supply trans-

formers causing wrong firing, in a design including
no redundancy., SECV reports very few failures of the

main BVC components in thelr first year of opera-
tion, leading to availability figures of 97.8 % to
99.3 % fot the two SVCs.

8.7 OTHER TYPES OF SVC

Table IV includes the details of SVCs of miscellane-
ous types, including :

~ comblnation of thyristor controlled reactors, thy-
ristor switched and mechanically switched and/or
fixed capacitors (TCR + TSC + MSC + FC)

- combination of thyristor contrelled and mechanical-
ly switched reactors together with thyristor swit-
ched capacitors (TCR + TSC + MSR)

- thyristor switched capacitors and thyristor swit-
ched reactors {TSC + TSR)

- self-commutated converters {SCC)

- combination of thyristor controlled transformer and
fixed capacitors (TCT + FC)

- saturated reactors {SR)

- combination of saturated reactors and mechanically
switched and/or fixed capacitors (SR + MSC + FC),

Among the various types of SVCs shown in Table IV,
the experience with the thyristor controlled types
dates back to 1978, while the experience with the sa-
turated reactor type SV¥Cs to 1969. Although ratings
for individual SVCs span a wide range, the highest
ratings observed are 450 MVar for TCT on the Hydro-
Quebec (Canada) and 150 MVar for SR on the CEGB {UK)
systems.

Six or twelve pulse arrangement is utilised by all
thyristor controlled SVCs in Table IV, except for the
SCC installation which utilises a 36-pulse arrange-
ment to minimise hammonic generation. Water cooling
appears to be used most frequently for cooling of
thyristors.

The main purpose of installing the SVC is declared
as t
- linitation of temporary overvoltages by Eletro-
norte (Brazil) and CEGB

~ voltage control by SEGBA {Argentina}, CAPC (Zam-—
bia}, NEPA (Nigeria), CELB and SECWA (Australia)
and CFE (Mexico)

- system damping enhancement by Vattenfall (Sweden)
and Hydro-Quebec (Canada)

~ reactive power compensation by Kansai Electric
{Japan) and CERN (France)

In the case of thyristor controlled 3VCe, except
for SCC types, preference appears to be for the use
of three-phase voltage measured at HV as the main
control signal with the HY current as the supplemen~
tary control signal. In the case of the SCC instal-
lation, DC voltage, reactive and active power as a
main control signal in addition to three phase vol-
tage. The saturated reactor (SR) compensators tend
to utilise the SR current for controlling the SVC
transformer tapchanger and for switching other reac-
tive compensation devices in the vicinity. The con-
trol of the (SR) type of S¥C is inherent in its de-
sign characteristics.

Practices for controlling harmonics are observed to
vary widely, as shown in Table IV. Hydro-Quebec re-
ports tuning of the fixed capacitor bank on the

(TCT + FC) type SVC to the 5th and 7th harmonlcs.
CERN reports extensive filter arrangoments on the
{SR) type SVC due to the pulsed nature of the load
on the same busbars as the SVC. CEGE indicates ing-
tallation of filters on the (SR + MSC) type SVC main-
ly to improve the harmonic performance of the HVIC
ingtallation on the same busbars.
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SEGBA mentions remote cortrol and Vattenfall micro-
computer control their SVC units. Kansai Electric
indicates that the (SCC) type 3VC on their system
was constructed as a pilot plant for Tfield testing,
CERN mentions the use of three regulators on the
(SR) type of SVC for accurate voltage control pur-
poses. Detailed defiritions for the additional pro-
‘ection and control features of Hydro-Quebeec (TCT +
FG) type SVCs are included in Chapter 9.

In terms of operational experience, the following
are observed from Table IV

- CERN report very few problems (mainly due to capa-
citors) with their installation over the past nine
years.

- Few major compenent fallures are reported by SEGBA
over the first five months of operation of the two
SVCs at Rodriguez.

~ Desplte a number of major component faillures and
Problems initiated by extremely high ambient tem-
Perature, Sweden report 97.7 % availability for
the two SVCs at Haghy in the first year of opera-
tion.

~ The availability of the Hydro-Quebec {TCT + FC)
type SVC has been adversely affected by a number
of major component failures causing forced outages.

~ CELB {Australia) reports improved availabilities
in the 87 - 100 % range for the Blackwater (SH)
type SVCs with accumulated periods of experience,
while SECWA (Australia) report 98.3 % availability
of the (SR} type SVCs in the first 8 months of ope-
ration. Few of the forced outages appear to be re-
lated to major components {e.g., capacitors) al-
though some contrel and protection fallures are
reported as the main cause of forced outages. The
number of forced outages is observed to decrease
with accumulated operating experience.

8.8 ADDITIONAL COMMENTS

The additional comments received from the utilities
bring into light interesting features of the SVCs
and future irends. One of the main features is the
changing role of SVCs in certain systems, and suc-
cessful adaptation of the existing SVCs through con-
trol structure and/or major component changes to the
new requirements of the system. EdeF (France) indi-
cates & recent utilisation of an SVC for voltage
control which was originally installed for flicker
compensation. Vattenfall (Sweden) reports the ex-
tension of the two TSCs in a programmed manner by
installation of additional TCHs 1o suit the planned
system requirements (ref. 332),

Many of the contributors indicate the use of signals
related to the SVC output to control other reactive
compensation devices at the same busbhar or in the
viclnity of the SVC. SEGBA {Argentina) and Vattenfall
(Swaden{ report remote control of the SVCs.

Interesting trends appear to be evolving 1n the con-
itrol and co-ordination of the SVCs with other reac—
tive power compensation devices. Vattenfall reports
use of microprocessor control and supervision of the
TS5Cs at three different hierarchical levels. Due to
the exacting requirements of controls o compensate
a pulsed load, GERN reports the use of three regula-
tors to control and maintain the SVC characteristics
best suited to the requirements. Extensive use of
band reject filters to improve the dynamic response
of the SVC and to protect the controls against har-
monic instability is becoming a common practice.
Hydro-Quebec reports the use of a galn supervisor
and optimiser as an ald in continually tuning the
SVC controls to achieve the deslred SVC performance

under changing network conditions (ref. 321). The
use of system frequency as a supplementary signal to
the S¥C control for system damping enhancement ig g
development which is likely to be more frequently
applied intransmission networks operated closer to
stability perfomance limits.

8.9 SVC FIELD TESTING TRENDS

All utilities Participating in the Survey expressed
Preference for field tests in addition to the nomal
SVC equipment comnlssioning tests. The field tests,
especially for the larger size of SVCs, represent

the first opportunity to test the pPerformance of all
the SVC components at the same time. From the comments
received on fleld testing, one or more of the follo-
wing tests were carried out by each utility to con-
fimm the SVC performance against the specification ;

i. SVC control system tests

2. Voltage regulating performance tests

3. Small disturbance dynamic perfomance tests
4, Large disturbance dynamic performance tests
5. Overlcad capability tests

6. Harmonic performance tests

The control system tests include testing of switching
segquences, start up sequences,synchronlsing; firing
Pulse generation and distribution, control limit si-
gnals, override signals and the response of the con-
trel system.

The voltage regulating performmance tests are carried
out mainly to establish the SVC rating and the slope
of the control characteristic. These tests are usual-
ly carried out by indueing reactive power changes in
the network under otherwise steady-state system con-
ditions. The reactive power changes are usually indu-
ced by switching other reactive compensation eguip-
ment in the vicinity of the SVC or by switching un-
loaded transmission lines.

The small disturbance dynamic performance characte-
ristics are tested to establish the dynamie response
for small voltage/reactive power changes within the
SVC control range. Injection of small step voltage
changes to the SVC voltage regulator is a classical
way of establishing small disturbance dynamic per-
formance.

The large disturbance dymamic performance of the SVC
is tested by means of a system fault {usually sin-
gle line to ground) or by large reactive power chan-
ges outside the SVC range. These tests also verify
correct functioning of the SVC control sequences un-
der disturbances likely to cause erroneous operation.

Where overload ratings are specified, system fault
end/ox large reactive power change tests are used to
establish the specified ratings.

Finally, harmonic per formance tests are carried out
to confirm the specified performance and to examine
the need for any additional filtering, considered
only marginally beneficlal based on analytical stu-
dies in the design stage.

The above tests are usually repeated under a varie-
ty of network conditions to establish performance
under as wide system strength conditions as possi-
tle. These repeat tests also enable checking of the
SVC performance over the specified operating voltage
range.

In some cases where network resonances at certain
harmmonic frequencies are expected, extensive measu—
rements of the system harmonic impedance are under-
taken. Wherever necessary, monitoring of SVC inte-
ractions with equipment is alsc undertaken.
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In cases where the SVC is mainly used for improving
system transient and/or damping performance, other
system tests to examine such performance may be ne-
Cessary.

8.10 CONCLUSIONS

The survey of SVC installations has provided valua-
ble insight to both technical design, testing and
operational experlence of such installations through-
out the world. Continued monitoring of this experien-
ce is most likely to be of continued benefit to uti-
1ities who are in the process of planning SVC instal-
lations. The sharing of experience is of benefit to
all in assuring more reliable service from both exia-

ting and planned SVC equipment. With the commissio-
ning of a large nmumber of SV¥Cs in the near future mo-
re operational experience will become avallable.

The general experience with SVC installations under-
lines the need for very close co-operation between
the manufacturers and utilities in both establishing
the SVC technical characteristics, matching these
characteristics to short and long term power system
needs, and bringing the devices into service. Care-
ful and detailed definition of the SVC characteris-
tics, taking account of the future system needs, en-
sures manufacture of equipment that will meet the
requirements in the most effective way. The opera-
tional experience to date indicates whilst the expe-
rience obtained is more than satisfactory improve-
ments in certain areas will yield better experlence
in the future.
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CHAPTER 9

GLOSSARY OF TERMS AND DEFINITIONS

9.1 INTRODUCTION

This chapter contains terms and definitions relating
to static var compensators. The definitions have been
worded specifically for SVC equipment applicable to
high voltage transmission networks. Definitlons for
industrial applications have not been included as
they are beyond the terms of reference of this book.
It is nevertheless recognised that with reasonable
interpretation, these terms and definitions may be
applicable to the SVC equipment in distribution and/
or industrial applications.

An atteapt has been made to include those terms and
definitions which have been found in current usage.
Reference has been made to the British and USA stan-
dards, to the work of the Canadlan Electrical Asso-
ciation and the International Electrotechnical Com-
mission (IEC). Modifications have been made to some
existing terms and definitions for compensator equip-
ment applications where they have been considered am-
blguous.

In preparing the general definitions for this sectlon,
conglderation has been given to those terms in com-
mon use, namely, static var compensator, static var
generator and static var system. An effort has been
nade to embody these terms in the document and to in-
dicate how these terms can be used without amblguity.

For the convenience of the user, this chapter has been
divided into seven sectlons :

General definitions

- Types of static var compensators (SVCs)

- SVC Components

- Performance characteristics of SVCs and their com-
ponents

- SVC Modelling techniques

- Termas relating to factory and site tests

- Symbols and acronyms

9.2 GENERAL DEFINITIONS

This section covers the main terms in common use with
reference to fig. 1.1 of chapter 1 as follows :

9.2.1 A statlc var compensator (SVC) is a shunt con-
nected static generator and/or absorber of re-
active power (volt ampere reactive or var) who-
ge cutput is varied so as to maintain or con-
trol specific parameters of the electrical po-
wer system.

A static var generator {SVG) and or absorber is
a static electrical device, equipment, or sys-
tem that is capable of drawing controlled capa-
cltive a.nd,/or inductive current from an elec-
trical power system and thereby generating or
absorbing reactive power. SVG 1ls an intergral
part of an SVC,

9.2,3 A static var system (S5¥S) is a combination of
different static, and mechanically switched var
compensators whose outputs are co-ordinated.
9.2.4 A var compensating system (VCS} is a combination
of static var systems and rotating var compen-
sators whose outputs are ce-ordinated.

This glossary is confined to differemt types of sta-
tic var compensators defined below.

NO

9.3 TYPES OF STATIC VAR COMPENSATORS

This section defines the main types of SVC currently
in use :

Term Definition

This compensater conslsts
of bidirectional thyristor
valves in serles wlth reac-
tors. The flow of inductive
current is controlled by
adjusting the conducticn
angle of the thyristor val-
ves. Fixed capacitors may
be added to extend the ope-
rating range into the capa-
citive region

9.3.1 Thyristor Control-
led Reactor (TCR)

Compensator

9.3.2 Six-pulse TCR or

Twelve-pulse TCR

These are special forms of
three-phase thyristor con-
trolled resctors configured
to provide harmonic cancel-
lation between indlvidual
TCR phases or two groups of
TCRs.

The six-pulse TCR employs
either a delta connection
of the TCR phases or a delta
winding on the SVYC trans-
former.

This compensator consists
of bidirectional thyristor
valves 1n serles with the
secondary windings of a
high leakage reactance trans-
former. The flow of induc-
tive current is controlled
by adjusting the conductlon
angle of the thyristor val-
ves. Fixed capacitors may
be added to extend the ope-
rating range into the capa-
citive reglon.

9.3.3 Thyristor Centrel-
led Transformer
(TCT) Compensator

9.3.4 Saturated Reactor

This compensator consistis
(SR} Compensator

of reactors with iron cores
which saturate whenever the
applied voltage exceeds a
designed saturation level.
The inherent non-linear ma-
gnetising characteristic of
the reactor provides a con-
trolled variatiocn of induc-
tive current proportional
to the variation in applied
voltage above the saturation
level. Fixed capacitors may
be added to extend the ope-
rating range into the capa-
citive region.

9.3.5 Thyristor Switched
Capacitor (TSC)
Compensator

This compensator consists
of bidirectional thyristor
valves in serles with capa-~
citors and a small reactor.
The thyristor valves are
used to switch the capaci-
tors in or out of service.
The capacitive current chan-
ges in a step-llke manner.
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Ne Term Definition

Fixed or thyristor con-
trelled reactors, thyris-
tor controlled transfor-
mers, or saturated reac-
tors may be added to pro-
vide contlnuous contrel
of the output current and
to extend the operating
range into the ilpductive
region and/or te provide
continuous control of the
output current.

$.3.6 Thyristor Switched This compensator consists
Reacter (TSR) Com- of bidirectional thyris-
pensator tor valves in series with
one or more reactors. The
thyristor valves are used
to switch the individual
reactor banks in or out of
service. The inductive cur-
rent changes in a step-like

manner,
9.3.7 Self-commutated This compensator consists
Converter (SCC) of semiconductor valves
Compensatoer arranged to form a multi-

phase switching convertor
circuit on the secondary
winding of a transformer.
The semi-conductor valves
have the capabllity of
being turned on or off by
control action which pro-
duces self or forced com-
mutatian. The switching
convertor 1s controlled to
draw variable inductlve or
capacitive current from
the three phases of the
pover system.

9.3.8 Line-commutated This compensator consists
Converter {LCC) of thyristor valves arran-
Compensator ged to form a multl phase

switching convertor circuit
on the secondary winding
of a transfomer. The thy-
ristor valves are commuta-
ted by the line voliages at
the convertor terminals.
The switching convertor
circuit is operated to draw
variable inductive current
from the three phases of
the power system, Fixed
capacitors may be added to
extend the operating range
into the capacitive reglon.

9.4 SVC COMPONENTS

This section identifies the static elements most of-
ten employed in statlic var compensators and outlines
the appropriate terms and definitions.

N© Tem Definition
9.4,1 Power Components

9.4.1,1 Inductor An element which has the
(Reactor) capability to store magne-
tie flux by virtue of its
inductance when carrying
current.

9.4+.1.2Capacitor

9.4.1.3 Saturable Reac-
tor

G.k.1.4 Saturated
Reactor

9.4,1,5 Treble-Tripler
or Twin-Tri-
rler Reactor

9.4.1.6 Reactor
Transformer

9.4.1.7 Mechanical
Switeh

9.4.1.8 Thyristor

9.4.,1.9 Thyristor Stack

An element which has the ca-
pabllity to store electric
energy by virtue of its capa-
citance when voltage 1s ap-
plied.

An iron-cored inductor whose
power winding reactance is
controlled by changing the
magnetic saturation of the
core. A unidirectional flux
provided by a control win-
ding is the source of satura-
tion.

An iron corred inductor de-
signed to saturate and draw
high currents when the ap-
Plied voltage exceeds its no-
ninal saturation level.

Special forms of three-phase
saturated reactor having nine
or eix magnetic cores and po-
swer windings arranged to re-
duce the generation of harmo-
nics and to provide voltage
balance between phases.

This is a high leakage reac-
tance transformer designed to
saturate at high voltage le-
vel thet behaves like an in-
ductor.

An element which is mechani-
cally operated in order to
make or break and carry the
flow of current in an elec-
tric circuit.

A bistable semiconductor de-
vice including three or more
Junetions which can be swit-
ched from the off-state to an
on-state or vice versa.

A single structure of one or
more thyristors with associa-
ted mountings, cooling atta-
cheents and electrical and/
or mechanieal connections, but
without trigger {phase) con-
trol equipment.

94.1.10 Thyristor level The smallest assembly, con-

9.4,.1.11 Thyristor
Module

G.4i.1.12 Thyristor
Valve

sisting of a bldirectional
palr of thyristors, thelr im-
mediate auxiliaries for fi-
ring and protection, voltage
dividing components and dis-
tributed valve reactor.

The thyristor module is built
up from a number of series
connected thyristor levels
and exhibits the same elec-
trical properties as the com-
Pleted valve, but only a por-
tion of the full voltsge blo-
cking capability of the valve
such that it can be used for
type tests.

An electrically and mechani-
cally combined assembly of
thyristor modules, complete
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9.4,1.13 Valve Structure

9.4.1.14Valve Base

9.4.1.15 Harmmonic Filters

9.4+.1.16 Damping Circuits

9.4.1.17 Trickle Charge
Circuits
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Definition

with all connections, au-
xiliary compeonents and me-
chanical structure which
can be connected in serles
with the reactor or capaci-
tor of each phase of a sta-
tic var compensator., A com~
bination of two sets (or
strings) of thyristors in
an antiparallel connection
is referred to ag a bidi~
rectional velve. The thy-
ristor strings can share
the same voltage dividing
components, protection and
firing components.

The physical (mechanical)
structure, holding thyris-
tor modules forming a sin-
gle-phase valve or indivi-
dual phase valves forming
a three-phase valve which
are insulated to the appro-
priate potential above
ground potential. The struc-
ture includes thyristor co=-
oling system pliping.

The platform on which the
valve structure and thyris-
tor modules are situated.Ilt
may contain electronic cir-
cuity for valve firing which
are at virtually ground po-
tential.

Devices which are designed
to suppress undesirable
harmonic componente of SVC
current from being injec-
ted into the transmission
network.

Some or all of the capaci-
tors Ainstalled as part of
the SYC capacitive rating
may be utilised as harmonic
filters for suppressing the
SVC harmonic currents.

Devices which are specifi-
cally designed to protect
the SVC or its major com-
ponents by suppressing
transient over-voltages and
currents.

A circult arrangement which
provides thyristor switched
capacitor tanks with a small
(trickle)} charging current
sufficient to maintain a
preset d.c. voltage level
across & 'switched out' ca-
pacitor bank{s). The trick-
le charge circults are used
mainly for TSC type compen-
sators. Arrangements are
made to fire the thyristors
for a short pericd at the
appropriate half cycle to
maintalin the assoclated ca-
pacitor bank at the correct
potential. Thus transient
di gturtances assoclated
with TSC switching are mini-
nised.

In addition to the above SVYC components the following
components are use in forming a var compensating sys-

tem (VCS)

9.4.1.18 Mechanically Swit~ An asseably of reactor
ched Reactor (MSR) (inductor) elements which

9.,4.1.19 Mechanically Swit-

ched Capacitor
(Msc)

9.54.1.20 Fixed Reactor
(FR)

9.4,1.,21 Fixed Capaclitor
(Fc)

can be connected as a
group to the power system
by means of a mechanical
¢ircult breaker or dis-
connector switch.

An assembly of capacltor
elements which can be
connected as & group to
the power system by means
of a mechanical circuit
breaker or a disconnec-
tor switch.

An assembly of reactor
{inductor) elements which
can be connected to the
power system either by
fixed (unswitched) con-
nections or via off-load
mechanical switches.

An assembly of capacitor
elements which can be
connected to the power
system elther by fixed
{unswitched) connections
or via off-leoad mechani-
cal switches.

9. .2 Measurement Components

9.4.2.1 System Connected
Measuring Devices

9.4,.2.2 Internal Measuring
Devices

9.4,2.3 Transducer

9.4.3 Control Components
9.4.3.1 Control Elements

9.4,2,2 Open Loop

Devices which are connec-
ted to the system in or-
der 1o measure elther
electrical or physical
quantitles describing the
state of both the network
and the SVC (e.g., volta-
ges, currents, temperatu-
re).

Assembtlies of analogue/
digital devices which ac-
cept signals obtained
from ‘system connected’
neasuring devices and pro-
duce other signals suita-
ble for control and moni-
toring purposes (e.g.,
sequence components, ave-
rage voltage, conduction
intervals, etc.).

An element which accepts
a signal in one form and
converts it into another
form. An example of this
is a potentiometer which
converts a mechanical po-
sition into an electrical
voltage signal.

Components which collecti
vely form a closed or open
loop type control systems.

An arrangement of components

forming a control system
in which the "control 'ac-
tion is independent of the
output.



9.4.3.3 Closed Loop

9liu 3.4 Regulator

9.4.3.5 Synchronizing
and Firing
Signal Dis-
patching Unit

9.4,.3.6 Joint
Controller

9.4.3.7 Var Regulator
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An arrangement of compenents
foming a control system in
which the 'control' action is
dependent upon the output.

The output signal is usually
fed back {feedback type control
systems) to the input reference
element in a manner which mini-
mises the error between the re-
ference and output signals.

An assembly of electronic devi-
ces which performsz the compa-
rison of the controlled quanti-
ty with the reference value and
Processes the errer signal ob-
tained, in order to provide
pProper input to the firing dis-
patching unit of the SVC.

Regulator inputs can also have
additional signals for stabili-
sation and/or protection purpo-
ses.

An assembly of devices which
provides the valves with firing
signals synchronized with res-
pect to the voltage phase and
frequency, taking into account
the regulator and protection
system outputs.

A centralised type of control
equipment, the purpose of which
is to give a common command to
a nunber of var compensators
such that they all share the
specified reactive demand on a
basls of their ratings.

A particular fomm of regulator

in which the reactive power of

the SVC is measured and compa-

red with a reference value,the

difference signal being arran-

ged to provide preset level var
output.

9.4.3.8 Priority Level A type of control equipment the

Controller

$4.3.9 Var Limit
Control

Purpose of which is to accept
several command signals and to
decide which signal should have
priority of command. An example
of this would be an SVC with
both a voltage and a reactive
load controller. In these cir-
cumstances the priority control
will allow reactive load control
to be operative provided that
the controlled terminal voltage
did not go beyond preset limits,
When terminal voltages is beyond
preset limits the controller
would revert to voltage control.

A particular form of 'priority
level' control which allows fast
acting voltage regulation to be
maintained on a SYC provided that
the 8VC var output does not ex-
ceed a preset value. When SVC
cutput exceeds a preset value

the controls would revert to var
control at the expense of volta-
ge control.

9.,3.10 Overcurrent
Limit Con-
trol

9.4.3.11 Overvoltage
Limit

9.4,3.12 Adaptive
Control

A particular form of priority
level control which allows
fast acting voltage regulation
to be maintained on an SVC
provided that the output cur~
rent does not exceed a preset
level. Current control would
be given priority at the ex-
pense of voltage control when
SYC current exceeds preset
levels.

A particular form of priority
level control which allows
lcad type control unless the
voltage level exceeds a pre-
set level. In these circums-
tances priority would be given
to voltage control.

This is a form of control ha-
ving continuously adjustable
dynamic characteristics which
are automatically updated to
suit the change in dynamic be-
haviour of the SVC. One of its
important performance require-
ments is to ensure that the

SVC does not become unstable
(i.e., oscillatery in behaviour),

9.4.4 Protection Components

Qb1 System
Protection
Element

9.4 4.2 Protection
Elements of
Electronic
Circuitry

9443 Voltage
Breakover
Devices

9.4.4% .4 Momentary
Overvoltage
Protection
Elements

Components which collectively
or individually detect harmful
operating conditions and inhe-
rently or by automatic procedu-
res act in order to safeguard
the overall equipment from
consequential damage.

Surge arresters and damping cir-
cults are examples of inherent-
ly acting equipment, while over-
current protection co-ordinated
with eircuit breaker interven—
tion is an example of an auto-
matic procedure.

Devices or assemblies of devi-
ces which act in order to sa-
feguard from damage or misg-
Peration the electronic equip-
ment of control, measuring and
mordi toring systems.

Devices which act to safeguard
thyristors from damage by exces-
slve overvoltages.

The devices are connected across
thyristers in such a manner that
if overvoltages occur across

the device it will initlate a
firing of the thyristor, even
if no other firing signals are
available.

These devices have non-linear
characteristics passing current
at high voltages.

Devices which detect excessive
overvoliages across the thyris-
tor valve or valves and initia-
te firing of all three phases

for full conduction for a spe-
cified short perlod until the

excesslve overvoltage has been



G4 4,5 TCR Thermal
Overload
Protective
Devices

9.4 4,6 AC Voltage
Grading
Devices

9.4 4,7 Snubber
Devices

9.4.4.8 DC Voltage
Grading De-
vices for
TsC

9.4 ,4,9 TSC Capacltor
Overcharge

Protection
Devices

9.4.5 Monitoring
omponents
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suppressed. Persistent over-
voltages are obtained by other
protective devices such as sur-
ge arresters.

Devices which are employed spe-
cifically to protect thyristor
controlled reactors from exces-
sive thermal overload.

The devices are arranged to de-
tect when the thermal capacity
of a TCR has been exceeded and
initiate a reduction in current
by reducing the thyristor con-
duction angle to a safe level.

The detection devices can take
the form of either summing SVC

current or var output (as a func-

tion of operating time) or si-
rulating thyristor cell tempe-
rature characteristices.

Devices which ensure equal po-
tential across each thyristor
pair in a thyristor string in
order to provide firing and
equal potential at the blocked
state of the valve.

Devices which are arranged to
damp high frequency transients
occurring during valve operation.
These devices contain resistive
and capacitive elements and
usually form part of the grading
devices.

These devices are fitted across
each thyristor or thyristor pair
in thyristor switched capacitor
valves 10 ensure equal potential
across thyristors, especially
when capacitor banks are being
discharged (i.e., when discon-
nected from the system).

Devices which detect a preset
level of overvoltage and initia-
te a firing pulse to the thyris-
tors to ensure that blockling
does not occur untlil the over-
voltage is within safe limits.
These devices afford protection
for overvoltages with a short
duration. Persistent overvolta-
ges are contained by other devi-
ces such as surge arresters.

Devices providing acoustic and/
or optical slignals as well as
neasurements for operator con-~
trol and alam purposes. Moni-
toring can be either local or
remote or both.

9.5 PERFORMANCE CHARACTERISTICS OF SVYCs AND SVC COM-

PONENTS

$.5.1 Compensator Equipment

9.5.1.1 Rated Voltage The AMS line-to-line terminal

Uxated

9.5+1.2 Maximunm Yol-

voltage for which the SYC has

been designed and rated.

The maximum RMS line-to-line

tage for Con-
tinuous Ope -

terminal voltage at which the
SVC can be operated continu-

ration ously.
(Umax)
9.5.1.3 Minimum Volta- The minimum RMS line-to-line

9.5.1.4

9.5.1.5

9.5.1.6

9.5.1.7

9.5.1.8

9.5.1.9

9.5.1.10 Maximun Tran

9.5.1.11 Maxinum Tem-

ge for Conti-
nuous {pera-

tion (umin)

terminal voltage at which the
SYC can be operated continu-
ously.

The maximum and minimum RMS va-
lues of voltage to be maintai-

Maximum and
Minimum

Reference ned at the busbar, whose vol-
Voltages tage 1s controlled by the com-
(Uref maxs pensator, under Zero reactlve
Upef min power output from the SVC. The-
se voliages define the range
of the voltage control set
point.
Nominal Rated The AMS terminal current in the
Current inductive or capacitive opera=-
(¥ N d ting range which can flow con-
rate tinuously at rated voltage.
Maximum Induc- The maximum RMS temminal cur-

tive or Capa- rent in the inductlve or capa-
citive Current citive operating range which

L max) can flow continuously.

C ma.xX

Rated Reac-
tive Power

CPY
Qrated =

The reactive power which a com-
pensator is capable of abscor-
bing (inductive) or generating
(capacitive) in a continuous
manner at rated voltage and

‘E;Urated' frequency.
Irated

Polarity of A compensator behaving like an

Resctive Po- inductance absorbs reactive po-

wer (Q) wer and has positive Q. A com-
pensator, behaving like a capa-
citor generates reactive power
and has negative Q. The reader
should note that this defini-
tion treats the SVC as a reac-
tive load.

Susceptance This is the inverse of the reac-

tance of a shunt connected in-
ductor or capacltor element
angd is of the for- 1

=t
Brgh cT“’
The polarity of inductive sus-
ceptance is negative while the

volarity of capacitive suscep-
tance is positive.

The highest peak non-repetitive
value of ‘on-state' terminal
voltage for which a compensator
) has been deslgned.

sient Over-
voltage
{u
QY max
The RMS value of the terminal
voltage for which the compensa-~
tor is desligned for a specified
time perlod.

porary Over-
voltage
(Uyy)

9.5.1.12 Steady State A digcrete relationship which



Voltage/
Current Cha-
racteristic

9.5.1.13 Slope of the
Voltage Con-
trol Charac-
terigtic
(8L,
gL Mgy
max
9.5.1.14 Response
Time

9.5.1.15 Settling
Time

9.5.1.16 Mede of
Control

9.5.1.17 Three Phase
Voltage Con-
trol

9.5.1.18 Individual
Phase Vol-
tage Control

9.5.1.19 Reactive
Power
Control

9.5.1.20 Supplementa-
ry Signal
Control
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exists between the steady~sta-
te fundamental frequency posi-
tive sequence terminal voltage
and the reactive current flo-
wing through the compensator.
The relationship is usually
plotted with the current on
the horizontal axis. The cur-
rent is assumed to have a po-
sitive polarity when the com-
pPensator is absorbing reactive
power.

This slope is the ratio of the
voltage change over the SVC
control range to the rated vol-
tage. It is usually expressed
in percent.

Time to achieve 90 percent of
the final value of output af-
ter a specified step of change
in input, in both the induc-
tive and capacitive linear con-
trol range of the SVC,

Time to settle within 1 5 per-
cent of the final value of the
output after a step change in
input. -

Response and settling time will
change with SVC operating and
network conditions.

This is the type of SVC Contrel
to enable the compensator to
meet a specified performance
objective, e.g. voltage, var
control, etc. The control para-
meter iz normally compared with
& reference value set for the
paraneter in the SVC control
system.

This is a mode of contrel which
employs either aversge or posi-
tive sequence voltage signal

to contrel the voltage level at
or near the SVC terminals by
varylng the SVC output.

This is a mode of control which
employs individual phase volta-
ge, both negative and positive
sequence or negative sequence
only, to control the SVC out-
put,

This is a mode of control which
can be employed to allow reac—
tive power flow to occur in a
Preset manner. Normally this
would be superimposed on the
voltage control mode of an SVC.

Thls is a mode of control which
enhances the damping of power
oscillations and thus enables

increased power transfers across

a pover system.

Supplementary control signals
would normally be employed to
provide damping of electrome-
chaniecal oscillations or dam-
Ping of subsynchronous oscilla-

9.5.1.21 Individual
Voltage Dis-
tortion Fac-

tor (Dn)

9.5.1.22 Total Voltage
Distortion
Factor

(Dr.s.s.)
Maximum Yol-
tage Devia-
tion

(Darith)

9.5.1.23

9.5.1.2% Total Harmo-—
nic Current

Factor (IT}

9.5.1.25 Telephone 1In-
fluence Fac~
tor (TIF)

9.5.1.26 Telephone
Harmonic
Form Factor
(THF)

9.5.1.27 Equivalent
Disturbing
Current (EDCG)

9.5.1.28 Hamonic Fre-
quencles

tions. Signals may be derived
from active power flow, ma-

chine shaft speed, or system
frequency; the choice depends
upon the specified objective.

This is the distortion of the
voltage waveiorm caused by an
individual harmonic of the or-
der (n). It is expressed as

a percentage of the RMS value
of the fundamental.

This is the distortion of wvol-
tage waveform caused by all
the harmonics present.

This is the maximum deviation
from a relevant sine wave, ex-
Pressed as a ratio of the sum
of the RM3 values of all the
harmonics, to the RMS value
of the fundamental.

This 1s a measure of the dis-
tortion of the current in a
network element e.g., a trans-
mission line. The factor is
expressed as the square root
of the sum of the weighted
squares of the individual cur-
rent hammonics. The weighting
factors for 60 Hz systems are
given by Ediscn Electrie Ins-
titute and Bell Telephone Sys-
tem (EEI/BTS) guidelines pre-
pared in 1960.

A measure of the interference
on a telephone system caused
by voltage waveform distortion
of a power system in close
yroximity. The influence fac-
tor is derived as a ratio of
the square root of the sum of
the =quares of the weighted
RMS values of individval har-
monics as a proportion of the
fundamental waveform to the
REM8 unweighted value of the
composite waveform. Same EEI/
BTS welghting factors are used
as those in the (IT) calcula-
tion.

This factor is defined in the
same way as the telephone in-
fluence factor (TIF) except
the weighting factors used are
given according to guidelines
prepared by International Con-
sultative Commission of Tele-
phone and Telegraph Systems
(CCITT), malnly for 50 Hz po-
wer systems.

This is defined in the same
way as the total hammonic cur-
rent factor {IT}, except the
weighting factors used are ac-
cording to CCITT guidelines,
mainly for 50 Hz power systems

Integral multiples of the fun-
damental frequency of a non-
simisoidal alternating waveform.



9.5.1.29 Minimum
Fault
Level
at point
of common
Coupling

9.5.1.30 SVC Equip~
ment Power
Frequency
Operating

Range

Overall
Availablility

Fe5.1.31

9,5.1.32 Outage

9.5.1.33 Planned (or
Scheduled)

Outage (FPO)
9.5.1.3 Forced Outage
(F0)

9.5.1.35- Compensator
Mean Time
between Fai~
lures (MTEBF)

9.5.1.36 Compensator
Repairablility
{or Mean Time
4o Repailr}
(MTTR)

9.5.1.37 Three-Phase
Remctive
Power (Q)
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The mintmum fault level (i.e.
the system strength) at which
@ compensator would be expec-
ted to operate satisfactorily
within its design limits.

The fault level can be expres-
sed elther by the three-phase
fault current or by the cor-
responding three-phase short-
circuit power.

The power freguency excursion
for which a compensator would
be expected to operate satis-
factorily.

This is deflned as the percen-~
tage ratio of the actual MVar-
hours which a compensator is
capable of providing over its
controllable inductive and
capacitive range, to the maxi-
mum continuous controllable
MVar-hours for which the equip-
ment has been designed. The
period of time over which each
of the above MVar-hours is in-
tegrated will be one year.The
actual MVar-hours reflect the
partial MVar capability caused
by forced and scheduled cuta-
ges the SVC elements.

This term describes the opera-
tional readiness of a static
var compensator in relation to
the MVar-hours integrated over
a specified period.

The state in which the SVC is
vnavailable for nommal opera-
tion due to an event related
directly to the equipment it-
self.

This is an outage which can be
deferred for a pericd of at
least one week.

This is any cutage which does
not qualify as a scheduled ou-
tage.

This is a measure of the ran-
dom nature of fallure rates of
equipment or components expres-
sed in terms of the arithmetic
average of interval of time
when there are no failures.

This is a measure of the time
taken to repalr or replace fai-
led component parts of a com-
pensator. High avallability

can be obtained by ensurlng
that the time to repair any
failed device is shorter than
the associated mean time bet-
ween faillures of the remalining
healthy devices.

The product of v3 times the
RMS values of line-to-line vol-
tage and reactive components
of current for simusoldal wave-

9.5.1.38 Three-Phasge
Apparent Po-
wer (S)

8= /3.U.I

9.5.1.3%9 Redundancy

forms (t.e., total three-tvhase
reactive power).

The product of V3 times the
RMS line-to-line voltage and
the REMS current.

The existence within a compen-
sator of mere than one means
of performing a given function
where & stated maximum number
of the means must fail before
the compensator becomes unaval-
lable.

G.5.2 Electrical Network Performance

9.5.2.1 Steady-State
Stavility

Ge5.2.2 Transient
Stability

9.5.2,3 Power Sys-
tem Stabili-
sing

9.5.2.4 Synchronising
Fower

This is the ability of an elec-~
trical power system to provide
transmission voltage levels
which remain steady under con-
ditions in which, the prime mo-
ver outputs, the system fre-
quency and the load demands are
all assumed to remaln constant,
i.e., Wwhen the system is not
subjected to a disturbance.

Power systems are, however, con~
tinually in a dynamic state
i.e., subjected to small dis-
turbances arising from chan-
ging.demand and generatlon out-
put continuously. Thus, the de~
finition includes the ability
of an electrical power system
1o allow adequate damping power
or torque to be generated in a
manner which cause power oscil-
lations to decay effectively
following small disturbances,
and also to suppress self exci-
ted power osclllations.

This 1s the ability of an elec-
trical network to survive a sud-
den large disturbance and set-
tle to a new steady-state con-
dition in a manner which allows
interconnected machines to re-
main in synchronism.

The action of an element or
group of elements (e.g., SVC,
generator excitation control
systems, etc.) by which the
steady-state, dynamic and/or
transient stability of a power
system can be secured or enhan-
ced.

A measure of the abllity of one
or more synchronous machines on
a network to retain synchro-
nise after being subjected to a
momentary disturbance. The syn-
chronising component of power
or torque is in phase with the
equivalent machine rotor angle
and can be considered to behave
in an analogous manner to the
elastic stiffness of a mechani-
cal spring.



9.5.2.5 Damping
Power

9.5.2.6 Subsynchronous
Resonance

9.5:3 Thyristors

9.5.3.1 0ff-gtate
Voltage

9.5.3.2 Breakovar
Voltage

9.5.3.3 On-state
Yoltage

5.3 Crest (peak)
Yorking Off-
State Voltage

$45.3+5 Repetitive
Peak Off-
State Voltage

9.5.3.6 Non-repetitive
Peak Off~-State
Voltage

9.5.3.7 On-state
Current

9.5.3.8 Off-state
Current

9.5.3.9 RMS On-State
Current
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A measure of the quality of
one or more syhchronous machi-
nes behaving in a coherent
manner to suppress l.e., to
damp angular oscillations.The
damping component of power or
torque is in phase with the
rate of change of an equiva-
lent machine rotor angleii.e.
angular velocity. It can be
considered to behave in an
analogous manner to the vis-
cous torque assoclated with

a mechanical type dash pot.

The angular oscillations of a
synchronous machine may be
either forced by either pul-
sating torgues associated with
a prime mower, electirical

loads or free oscillations ari-
sing from a precess of self
excitaticn.

An oscillatory condition which
occurs at frequencies below
rated frequency when there is
an inter-change of energy bet-
Ween series capacitors and the
inductance of a transmission
system. Thls form of resonance
can lead to dangerovus conse-
quences if allowed to interact
with critical synchronous ma-
chine shaft torsional freguen-
cles.

The principal voltage when the
thyristor is in the off-state.

The principal voltage at the
breakover point.

The principal voltage when the
thyristor is in the on-state.

The highest instantaneous va-
lue of the off-state voliage
which ocecurs across the thy-
ristor, excluding all repeti-
tive transient voltages.

The highest instantaneous va-
lue of the off-state voltage
which occurs across the thy-
ristor including all repetiti-
ve transient voltages, but ex-
cluding all non-repetitive
transient voltages.

The highest instantaneous va-
lue of any non-repetitive
transient off-state voltage
which occurs across the thy-
ristor.

The principal current when the
thyristor is in“the on-sztate.

The principal current when the
thyristor is in the off-state.

The r.m.s. value of the on-
state current for full cycle.

9.5.3,10 Repetitive
Peak On-
On~state
Current

Critical Rate
of Rise of
Cff-state
Voliage

Critieal Rate
of Rise of
On-state
Current

9.5.3.12

Forward Po-
wer Loss

9.5.3.13

Reverse o~
wer Loss

9.5.3.14

Total Power
Loss

9.5.3.15

9.5.3.16 Conduction

Angle

9.5.3.17 Blocking

State

Tite peak value of the on-state
current including all repetiti-
ve transient currents.

The lowest value of the rate
of rise of veltage which will
cause switching from the off-
site to the on~state under
spetified conditions.

The highest value of the rate
of rise of on-state current
which a thyristor can with-
stand without damage.

The power loss which occurs
within a thyristor cell re-
sulting from the flow of for-
ward current.

The power loss which occurs
within a thyristor cell resul-
ting from the flow of reverse
current.

The sum of the forward and re-
verse Tower losses of a thy-
ristor cell or cells.

The angular pericd of the sup-
Ply wave during which the thy~
ristor cell conducts.

This is the operating condition
of one or mere thyristors

when forward biased but with-
out a firing pulse belng ap-
plied to their gates. No for-
ward current flows and the
thyristors act as a virtual
open circuit,

9.6 SVC MODELLING TECHNIQUES

9.6.1 Model

9.6.2 Block Diagram

9.6,3 Transfer Func-
tion

A digital, analogue or redu-
ced scale physical represen-
tation of the operating pro-
perties of a static var compen-
sator and/or its associated
electrical network. A combina-
tion of these representation
techniques may be used.

A method by which the physical
propertiles of a system can be
represented. The diagram is
formed from a number of inter-
connected discrete blocks each
representing an elementary
process. Each block is charac-
terized by its transfer func-
tion.

The relationship{s) relating
the output{s) to the input(s)
of a block describing an ele-
mentary process.

According to the type of pro-
cess and the type of study,the
transfer function is defined
in frequency (Laplace, Z-trans-
form) or time domain.



9.6.4 Reference
Input

9.6.5 Bandwidth

9.6.6 Reference Volta-
ge Gain Tem

9.6.7. Current Compen-
sation Term

9.6.8 Summing Junction
Term

9.6.9 Proportional
Gain Tem

9.6.10 Additional
Stabilizing
Function

9.6.11 Power Oscilla-
tion Damping

9,6.12 Linearization
Function

9.6.13 Limiter Func-

9.6.14 Integral Con-
trol Element

— 108 —

This is an external signal
applied to a feedback control
systen as a means of comman-
ding & specified level of out-
put of a compensator.

A measure of the range of in-
put frequencles over which a
control system will respond
in an acceptable manner.

In general, tandwidth is taken
to be the frequency range bet-
ween which the amplitude res-
ponse does not drop 3db below
the amplitude of the centre
of the passhand of the system
or filter.

A term which represents the
base gain value for use in
converting SVC characteristic
and control system quantities
to per unit quantities.

A term which represents the
current multiplied by suita-
ble reactance value and pro-
vides system voltage droop
compensation.

A term which represents a de-
vice used for adding together
several control signals.

A term which represents the
gain of an open loop relation-
ship betWween output and input.

A control element that modi-
fies the reference voltage
depending on control signals
such as transmitted power,
frequency, etc. in order to
enhance system stability.

This is & particular applica-
tion of an additional stabi-
lising function in which a sup-
plementary signal is employed
in an SVC to assist in damping
active power oscillations on a
pover system.

A control block that linearizes
the relationship between the
output of the controller and
the admittance of a controlled
TCR.

A function that limits the
ocutput of a block in its per-
missible range. A clear dis-
tinction should be made bet-
ween forward and feedback li-
miters.

This a device which is used
in closed loop type of control
systefs as a method of minimi-
zing dynamic lags.

This form of compensation is
used to reduce the steady sta-
te error of a control system,
by providing an infinite open
loop gein constant at zero
frequency.

9.6.15 Deadband

9.6.16 Amplification

9.6.17 Gain

9.6.18 Dual Gain
Characteristics

9.6.19 Adaptive gain
control

In practical terms, an inte-

gral type controller will ex-
hibit a finite output level.

There are two types of inte-

gral control elements :

{a) A device which continues

to integrate internally in res-
ponse to an input signal even
though the output signal has
reached its set limit level.
This can cause a significant
time delay to occur in the out-
put signal when responding to
the removal of the input si-
gnal. This is because of the
additional integrating time
which occurs before integral
signal level has dropped to
the output set limit level.
This is usually referred to as
an integrator with a ‘static”
or 'wind-up' type limiter in
the literature (ret. 333).

(b) A device in which the in-
ternal integration action 1s
stopped immediately when the
corresponding input signal is
removed. In this manner there
is no delay time in output si-
gnal response. This is usual-
ly referred to as an integra-
tor with a ‘'dynamic’ or 'non-
wind-up' type limiter in the
literature (ref. 333).

This is a characteristic of
an automatic control systea
within which a change of va-
lue of an input signal (e.g.,
set value) to an element or
system may take place without
causing perceptitle change to
cutput signal. This is someti-
mes Teferred to as the dead
zone.

This relates to elther an ele-
ment or system and is the ra-
tio of the steady-state ampli-
tude of the output signal from
an element or system to the am-
plitude of a sinusoidal input
signal of a given frequency,
or the ratic of output and in-
rut signal amplitudes when the
signal has a constant unidi-
rectional value.

The amplification of an element
or system in which the input
and cutput signals are of the
same physical kind.

The characteristic of an ele-
ment or system in which its
gain characteristic has one
value for a specified range of
voltage control, and another
gain characteristic when the
voltage is operating beyond
the preset range of control.

This is a particular form of
adaptive control which conti-
nuously adjusts the forward
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loop gain of the control sys-
tem tc ensure that the SVC
does not contribute to the os-
cillatory behavicur of the po-
Wer systen.

9.7 TERME RELATING TO FACTORY AND SITE TBSTS

Test measurements which are ne-
cessary only on a single plece
of equipment of a particular
type for the purpose of demons-
trating that the performance

of the equipment complies

with the ratings or objec-—
tives mutually agreed be-

tween the manufacturer and

the equipment purchaser.

9.7.4 Type Test
Measurenents

Measurements which are requi-
red to demonstrate that the
combined equipment will opera-
te continvously under speci-
fied load conditions without
any component exceeding its
rated temperature rise.

9,7.2 Temperature Hise
Test Measure-
nents

4 measurement of the reactance
of the load current carrying
reactor in each phase of the
compensator. In the case of
saturated type reactors, this
would be a measure of the slo-
pe reactance.

9.7.3 Measurement of
Reactance of the
Phage Reactors

Measurements which demonsirate
the state of the insulation of
all components required to ope-
rate at high voltage levels.

9,7.4 Insulaticn Vol-
tage Withstand
Measurements

Measurements tc be made on as~
sembled equipment to demons=-
trate the adequacy of the in-
sulation of the transformer,
reactors, thyristor stacks and
firing circuit btarriers for the
pulse signals.

9.7.¢.1 Induced
Voltage

Measurement

Measurements which quantify the
value of resistance of all im-
portant insulation components
relative to ground and bet-
ween HY electrical components.

9.7 4.2 Measurement
of Insulation
Resistance

Measurements which are necessa-
ry to demonstrate that the high
voltage insulation can adequa-
tely withstand the specified
RMS voltage level at rated sup-
ply frequency.

9.7.4,3 BRMS Voltage
Withstand
Measurements

9,7.4 4 Impulse Veol-
tage Withstand
Measurezents

Measurements which are necessa-
ry to demonstrate that a compen-
sator can withstand safely a
surge or impulse voltage of
known wave shape e.g. 1/50 mi-
crogecond wave.

Measurements which are neces-
sary to detemmine electrical
losses of a compensator when
operating at various specified
oberating loads.

Overall Loss
Measurements

9.7.5

Measurements which are made on
conponent thyristor stacks and

Routine Test
Keasurements

9.7.6

assemblies to verify that the
components function correctly
as individual items. These
tests are alse important to
check for consistency of qua-
1ity against type test measu-
rements.

of Power Com-
ponents and
Auxiliaries

Measurements which are neces-
sary to demonstrate that the
compensator contrel system
characteristics are in accor-
dance with the specified ber-
formance requirements. These
include the linearity of all
control elements, the time
series (e.g., frequency, step
or pulse response)} characteris-
ties of feedback clreuits, and
the range of adjustement of sta-
tic output/input open loop cha-
racteristics.

9.7.7 Type and Rou-
tine Test Mea-—
surements of

Control Systems

Measurements which are neces-
sary to demonstrate that all
protective devices operate in
a correct manner including tyre
tests for combined action, The-
se include measurements on com-
ponents to individually assess
their quality of performance.

9.7.8 Protective
Systens
Measurements

9.8 SYMBOLS AND ACRONYMS

9.6.1 List of Principel Symbols

A Additional Control Signal(s)

B Susceptance

C Capacitance or Capacitive

E Generator internal voltage or power system
equivalent voltage

natural logarithm

frequency (Hz) or dependent upon frequency

[ I

1, ...regulator transfer function block(s)
measuring and filter circuit transfer function
ingtantaneous value
RMS Current
1]|90° operator
Control System gain (output/input) or hammonic
welghing factor

L inductance or inductive

max maximum

min  minimum

harmonic order

number of turns

at no-load or pre-disturbance value

active power

harmonie voltage welghting factor

reactive power

R, r resistance of resistive component

e H o T o

OH™ o =Ep

ref reference value

s knee-point of saturation characteristic
S apparent power (P+JQ)

SL slope

T control system time constant or time period
t time

u instantaneous voltage

U RMS voltage

W harmonic current weighting factor

X reactance

A impedance

o thyristor firing angle
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9,8.1 List of Principal Symbolg (Cont'd)

¢ angular displacement between voltage and cur-
rent phasors (l.e. power factor) or flux

& powersystem load angle or generator load angle

w angular frequency (radians/sec)

8 impedence angle (=tan'1£)
R

A incremental quantity operator

3 sum

9,8,2 Abbreviations and Acronyms

CAS/ACNOR
CISPR

c
EEI/BTS

EDC
EMF
FC
O

Meaning

Alternating Current

American Standards Asscciation
American National Standards Institute
Break~over~dicde

British Standards Institution
International Consultative Commission
of Telephone and Telegraph Systems
Canadian Standards Association
International Electrotechnical Commis-
sion - Special Committee on Radlio Inter—
ference

Direct Current

Edison Electric Institute/Bell Tele-
phone System

Equivalent Disturbing Current
Electromotive force

Fixed Capacitor

Forced Cutage

9.8.2 Abbreviations and Acronyms (Cont'd)

Term
I1EC

IEE
IEEE

T
KVA
KVar
LCC
MSC
MSR
MTBF
MTTR
NEMA

PO

FOD
PSS
RMS
sce
S¥C
SR

S8R
TCR
TSR
TSC
TIF
THF

Meanigg

International Electrotechnical Commig-
sion

Institution of Electrical Engineers,UK
Institut of Electrical and Englneers,
USA

Harmonie current factor
Kilo=volt-amperes
Kilp-volt-amperes-reactive
Line-Commutated Convertor
Mechanically Switched Capacitor
Mechaniecally Switched Reactor

Mean time between failures

Mean time to repair

National Electrical Manufacturers As-
sociation, USA

Flanned Qutage

Power Oscillation Damper

Power System Stabiliser
Root-Hean-Squared

Self-Commutated Convertor

Static Var Compensator

Saturated Reactor

Subsynchronous Resonance

Thyristor Controlled Reactor
Thyristor Switched Reactor

Thyristor Switched Capacitor
Telephone Interference Factor
Telephone Harmonic Fomm Factor
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