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ABSTRACT

Static shunt reactive power compensation schemes are being

more and more wideìy considered for VAr control in power systems.

They form in large a natural replaCement for the traditional synchronous

compensators with the promise of benefits in performance, reliability
and cost.

A new generalized concept for static. shunt VAr compensation

is proposed which permits selection of an optimum design. þJith a

sìight increase in the VAr rating of the reactors this novel scheme

should overcome the harmonics and thyristors rating problems of the

existing devices.

A faithfut analytical comparison with other known devices is

made to show the superiority of the new device with respect to harmonics

generation, control range and thyristor stresses during steady-state

and. overvoltage transient conditions.

of using thyristor controlled reactors in ac systems and at HVDC

terminals different models are developed for the fundamental current

behavior of these systems. A large scale load flow and transient

stability prograrn is developed based on these models and with unique

features for the simulation of multi-terminal HVDC schemes and for

acldc network solution algorithms" The program is then applied to

various practicaì probìems such as MANDAN to demonstrate the abiìity
of static means for VAr control to enhance the performance of weak ac

systems when connected to HVDC converters "

The apptication of thyristor controlled reactors at the

terminals of superconducting generators is, for the first time, suggested

and fully analysed.

The results of all the studies prove that the application of

static reactive power schemes in ac and HVDC transmission systems do

solve or reduce the maior transmission prob'lems; voltage control, and

stabi t i ty.
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chøpter one

INTRODUCTION

1.1 General

controlìing the reactive power generation and flow in an energy

transmission system is of an immense importance. The influence of the ,,.,..,.,.:

balance and flow of reactive power in EHV transmission lines in terms of ",'r'','i'

voltage is easy to visualize. External sources and sinks of reactive

power provided at chosen points in a transmission network are therefore

used for controlling the voltage and the power transmission efficiency

and capability. Fixed elements (capacitors or reactors) have an inherent

generation or absorption characteristics dependent upon terminal voltage

and hence are of limited effectiveness. The availability of fully conJ

trolÏable VAr systems multiplies the value of reactive power control by

providing an alternative method of system stabilization in addition to

an optimum control of voltage and power transmission capabitity.

While the virtue of reactive power control is easy to visualize

for an ac transmission system it is not very difficult to see its value

for an ac/dc system. A HVDC converter requires, for its commutation

process' an amount of reactive power which is dependent upon the active

por¡rer transmitted on the dc side and which must be supplied from the ac

side. Fu]1y controllable reactive power sources at the HVDC converter

terminals are, therefore, the best choice to enhance the performance of
both ac and dc systems.

up till now synchronous compensâtors have been the major



2

fulìy controllable reactive power device. However , during the
last few years a number of static reactive po!,Jer compensators have

emergeel which appear to be technically superior to the traditional
synchronous compensators in many ways and are economical too. Hence, a ,. ,;, ,

systematiceva]uationoftheperformanceofthestaticVArcontrolling

devices and that of the system in which they are employed is very timel¡¡
and much needed 

, , ,i ,

The research work described in this thesis is devoted to thi, i".''""-""

end and has resulted in the foltowing major contributions: :,,il,r..-,

(1) A new design of thyristor phase-controlled static vAr compensator

has been invented which upon analysis is shown to be superior when

compared to those avaÍlable. In thís connection a generalized l

concept has been put forward whích permits selection of an.optimum

des i gn.

(2) The appìication of static VAr compensation systems at the converter
termina]sofinterconnectedac/dcnetworkshasbeenthoroughly

investigated and in the process a large scale load flow and transient
stability program for power systems incorporating muìtiterminal dc r,I',,,ii.

.: :. ir: :schemes has been developed ,,: ,,,,,,:l

(3) trlhile investigating the application of static vAr compensators,

for the first time a suggestion has been made and fully anarysed

for their appìication at the terminals of a superconducting alter_ 
l,,.,...-,,nator ' l':::"': r.!r'.'J:i

The major emphasÍs of the thesis is, thus, on the development of
a nelv type of compensator and its novel applications.
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In Section 1"2 of this chapter a summary and brief critical
evaluation of available VAr compensators are presented. Section 1.3 deals
briefl"r, with the application of vAr compensators in ac transmission

s;,stems. This part of the investigation has been kept very brief on

purpose keeping in view the reporting of the major contributions.

Chapter 2 is devoted to the development and analysis of the new

type of thyristor phase controlìed VAr compensator.

chapters 3 and 4 investigate the impact of applications of
static means of reactive power control at the terminals of HVDC

converters and superconducting alternators respectively. The overall
conclusions and major contríbutions achieved in the thesis are summarized

in Chapter 5.



L.2 Reacti ve Power S.vstems ; Cri ti cal Eval uati on

Ïn the fo'llowing an evaluation of the known types of reactive

power systems is undertaken.

L.2:1, Rotating Synchronous Machines 
2'3 '4 

",..,.,1

Excitation control of a synchronous machine connected to an ac

bus allows a controlled reactive power supply. The machines specially 
,,.:;,..,.,

designed for the control of reactive pov,rer are known as synchronous ,1.,;,'.,'

1:::'¡:-'

.t. a ::
COmpenSatOrS. 

i. .:..::

Typìcally a synchronous compensator when under-excited can absorb i""'''

about ha'lf of its over-excited MVAr rating.

ThereSponsetimeforchangingitsoutputfromno-loadtorated

reactive load is generally in the range from 0.10 to 2.00 seconds depend- 
l

ing on the fieìd time constant, excitation system and voìtage regulator

of the machine and the nature of the network disturbance initiating the

change

Unlike static devices, synchronous compensators have stored i

kinetic energy in their rotors, and hence can exhibit transient oscilla- ¡:::,:
r:i,,t;,,,t ,t,,t'.,tions of real power about a mean value of zero, during or fotlowing dís- ,1.,1

turbancgs "":''t':;"'';':;"

However, starting of such a machine can create a substantial

vo'ltage dip, and when running, the synchronous compensator due to its
inertia has its own stability problern in the event of a system fault. l;fi¡:

A synchronous compensator reduces the system reactance white Ít
reguìates the reactive power.

i.'r,'-...iii::Î
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Reduction of system equivaìent rhevenin's reactance minimizes
the alternating voltage phase angle fluctuations in case of any disturb-
ance , it, however, causes an increased short circuit leveì and circuit
breaker duty.

The high capital investment, running and maintenance costs and

losses of a synchronous compensatmadd to its shortcomings and must atso
be taken into account for the serection of compensators.

L.2.2 Static Compensators l's

Generally these types of shunt vAr compensators do not contribute
to the system short circuit capacity, have lower initial investment and
losses per KVAr and are less costly to operate and maintain compared to
synchronous compensators. static compensators can be divided into two
main classes: Fixed Erements and contrortabre Devices.

i. !!xed Elements

(a) Shunt Capacitors:7

shunt capacitor banks are used with mechanícal switches to
compensate the inductive reactive power at HVDC terminals or
major load terminars in order to maintain the ac voltage at
the rated value.

It may however read to excessive vortage rise on account

of a sudden loss of load.

( b ) f- t near Shunt Reactors : 7, I

ïhe inductance of these reactors is independent of their
ìoading. They often are air-cored or gapped type reactors.

Permanently connected rinear reactors are used to compensate

the excessive capacitive reactive power on rong ac transmission 
i:.:.::;i
lt i.:

i,j.:ì:rr
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lines and thus suppressing the voltage aìong the line and its
terminals under ìight load conditions. This, however, reduces

the maximum power transfer capability of the line.

Optimum'line compensation requires shunt reactors to be

switched out of servÍce under heavy load transmission. This

leaves the system open to transient overvoltages in case of a

severe loss of load in addition to an undesirable step voltage

variation due to switching-in of the reactors.

(c) Saturable (or Saturation) Shunt Reactors:e'I0

This refers to the EHV line connected reactors with a

saturat.ion knee at 1.1 the normal system voltage, thus restrict-
ing power frequency overvoltages under abnormal conditions.

The non-linear reactor is less effective in limiting
instantaneous overvoltages than it might seem, since a specific
voltage-time area is required for changing the reactor magnetic

state. Furthermore, with rinear transmission systems thÍs type

of reactor, in conjunction with the saturation effects of trans-

formers, introduces some risk of sub-harmonic instabitities
because overvoÏtages are possible due to partial shunt compensa-

tion not eliminating the Ferranti effect under light-load con-

di ti ons

(d) Gap-Connectèd Shunt Reactors: il

An arc gap is used to either switch a line shunt reactor

in or out. The reactor assembly may take either form (a) or

(o) as shown in Figure 1.1. The gaps are shunted by circuit
breakers which are switched on by a trigger derived from the

gap breakdown current.
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(a) (b)

Fígure 1.1 Gøp connected reactors

AC
wlNDlN G

DC
CON TROL
WINDIN G

Figure L.2 Single phøse trønsd,uctor schemøtic d,iøgrøn

r",, ::ì
:.t:.1'

c



At first sight such a device may appear trivial. However,

a number of studies (as will be discussed in chapter 4) show

that ín many appìications, ínvorving severe disturbances, even

controllable static vAr compensators behave Ín a bang-bang

fashÍ on .

Gap connected reactors provide an economic but crude

compensation means

íi. Control table Devices

(a) Transductors. l2' ls

A transductor is a reactor with direct current controlled
saturation, i.e. the effectÍve reactor impedance and the primary

alternating current are controlìed by a direct cu*ent fed into
a separate winding. (Figure 1.2)

The increase of direct current causes an increase of the

unidirectional flux in the reactor iron cores. As a consequence

the superimposed alternating fìux tops are raised beyond the

magnetic saturation limits giving rise to the fundamental

alternating current nearly proportìonal to the dc current.

Odd current harmonics are generated in the ac circuit
while even harmonics are produced in the dc control circuit.

Another device can be used utitizing the prìnciple of a

rotating magnetic field created by a 3-phase wound stator. I3

The saturation 'level of the magnetic circuit of the stationary
rotor is controlled by dc winding.
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The stator windings and slots are arranged in such a way

that the alternating current contains minimum amount of
harmoni cs .

The above controiled saturatÍon compensators have the major ,¡ ,;,,¡,,;,
drawback of slow response compared to the other types of con-

trollable compensators due to the dc circuit time constant and

the dead time required to build up the direct flux in the mag- 
.-,,,.i,:,i,,
.: ;:._,;,

ceiling voltage for forcing the control cunrent is used, total ,.',,.,,'., ,'

.

time to change the primary ac cument can be substantially
reduced.

unfortunately, under system fault conditions the dc control

winding is difficutt to protect.

(b) saturated Reactors: (inherenily controlled device.s)r3-zs

The saturated reactor is designed to operate in the satur-

ated region at normal operating voltages. tÁIith a seríes and l

shunt capacitors combïnation it automatically varies the reactive 
::

power output over a wide range and hotds the terminal voltage i;-=¡,'.,,1,','

'."'.'::: .:':ttttï;:'device 

er emenrs and rhe corresponding v-I characrer 
:':'' 

' 
"'

istics are illustrated in Figures 1.3 and 1.{ respectiveìy.

Special measures must be taken; especiaììy for apptications 
.:,.';i..::r,;.j

in weak ac systems, to decrease the high cument harmonic con- ¡;:ì:':i"' ' '.

tent due to the saturated reactor and to avoid the possibTity

of feryoresonant sub-harmonic instabi'lity arising from the

presence of the slope correcting series capacitor.
iji;. ,,..r .l;,:i;
.:i: 

: 

:
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In this regard, techniques employing complex multi-core,

multi-winding designs are used to cancel the current harmonics

internally by suitable choìce of the flux phase-shifts between

cores and by ån appropr.iate flow of the rnagnitude of trriplen

harmonic currents in the secondary windings. (e.g. Quin,

Twin-trip'ler and treble-tripler types of harmonic compensated

ac saturated reactors.)

However this multiphase construction reduces the potential-

ity of the device for unsymmetrical compensation of unbalanced

loads. Although the transient response of the compensator is

of the order of one to two cycles of the supply voltage, capací 
i

tive compensation of the slope reactance introduces transiently I,

higher reactances. l,lhen the current through the slope correct-

ing capacitor exceeds a predetermined value, during a transient

overvoltage condition, part or all of the latter may be short

circuited, thus increasing the slope of the compensator from

(Xs-Xc) to X, (in Figures 1.3 and 1.4) or to ssme intermediate

val ue. 
s

(c) Thyristor-Switched Shunt Reactors:

Thyristor valves are used as fast switches to connect, in

a coordinated manner, a number of shunt reactors ín smalì steps

(Figure 1.5). The switching is performed at voltage peaks to

avoid dc current components injected into the ac system. This

form of discrete contro'l requires a large number of components

and hence increases the cost and deteriorates the reliabitíty
of the device

i:Ì t:

I;::.r,::,::'..
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(d) Thyristor Phase-Controlled Reactorrr to-tt

A smoother control of reactive power is achieved by using

thyristor phase-angle control of current through a Tinear

reactor. In an alternative design, the iinear reactor is an : .,,,.
:.ì.: .:...'...-'.

integra'l part of the connecting transformer (Reactor Transformer).

Thís type of compensator is of major interest in this investi

gation and is dealt with in greater detail in chapter z 
,i.j.,lj..:,

(e) Thyristor-Switched Capacitors:3sr40 i"-''':'i'''''i'

Generally, transient inrush currents and high harmonic iir,,'ii;.r.ii

generation precìude the use of phase-angle coùrol of a shunt

capacitor. Instead, the capacitor bank is sp'lít into a number

of small units which are switched indivÍdually on or off by

thyri stors

The scheme as shown in Figure 1..6 employs the following

el ements :

- In series with each switched capacitor bank there Ís a small

air:bored reactor to limit the rate of rise of the cument

through the thyristors depending on misfiring and to avoid

resonance with the network.

- In parallel with the switched capacitor banks fíxed capacitor

and reactor are installed to give optimum operating range.

When capacitors are not connected, they are maintained

charged to the positive or negative peak value of the voltage

by regular'ly switching them in for very short duratÍons.

The switching instant is selected at the time when the

network voltage across each arm corresponds to the magnítude



Figure L.5 Thyristor switched reøetors

$1
?

-1
YÆ
?:ï

Figure L.6 Thyristor switchcd, cøpøcitors scheme
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ând polarity of the capacitor voltage. ThÍs ensures that the

connection takes p]ace at the natural zero crossing of the

capacitor cument.

The capacitor is disconnected through the suppression of 
,-..,.,

the gate trigger pulses of the thyristors so that the thyristors
carrying current will block as soon as the current becomes zero.

This type of compensator has the fol'rowÍng major drawbacksi ,,,, ,

¡,'i.,'.t 
t.,'

1) The capacitors are kept charged at the peak value of ,,normal,, ',-|:':;;;

voltage so when system voltage reduction occurs and vAr i,rui.'.
assistance is needed, the changed capacitors have to be

switched in to a lower voltage resulting in an Ínjection of
transient inrush currents and harmonics in the faulted system. 

i

2) In the case of a complete collapse of ac voltage at the com- l

pensator terminals for a period of time, Tong enough to dis- 
l

charge the capacitors, probìems of switching transients arise :

when the system is energized.

3)Thecapacitorsusedareoftheactypewhicharelesssuitable

for direct voìtage but are subjected to dc voltage ín the

stand-by state; therefore provisions have to be made to

repoìarise them at reguìar intervals simulating a low fre-
quency alternating voltage, which compìicates the controls

of the thyristor valves.

Generally, controlled static VAr compensators, except the saturat-
ed reactor, provide possibrîties for various forms of controì signals
based on voltage, current and active and reactive power frow at one or
more points of the line as well as on theír indivfdual or combined

functionS.3I '32-40
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A reactíve power compensation scheme emp'loying thyristor controll-

ed reactor although has no reactance slope correction capacitors, the

functirn of its control system is essentiaììy one of slope correction.

Such a scheme has the advantage that effective reactance sìope correction 
,.,i,,,,,..,,.=

is obtained at very ìow electronic círcuit power levets rather than at

higher power levels in case of dc control'led saturation reactors or even

at the full power rating of t,he compensator as in the case of saturated ,,,'.,;,.,,,,,

rgactors ' ""¡'";'''¡t'¡

i::..,_..:.::._,:

The uncompensated sìope reactance of the thyristor controlled !:¡,,,,¡,,,,.';,,

reactor is 1.0 p"u. as compared to a typical value of 0.L2 p"u. for a

saturated reactor and therefore the sub-transient reactance effect may

be more significant in the former.ur.3t However, the s'lope correcting

capacitor used in series with the saturated reactor can cause sub-

synchronous resonance by making the natural frequency of the compensated

line match with one of the sub-synchronous natural frequencies of the
l

machines connected to it.28'?9 t :. :

Also there is a time lag of about 0.02 sec for the slope coffect- 
..,,,.,i::rr,

ing capacitor whích is, generally, required to be switched off when its ii¡.],i :

¡ t 
,...t,.,. ,;ìcurrent (or voltage) exceeds a certain limit during a transient over- 

,,,,,'i,::,,:,¡...

voltage condition thus increasing the sìope reactance of the devicef

1.3 Reactive Power Control for AC Transmission Systems
t: ij:ir],,.,.'1¡l¡'j :1,'.:

Many probÏems, in the steady or the dynamic state, are intimately ¡l:;:', 1':.
! : '.:

connected wíth the balance and flow of reactive power in EHV ac

energy transmission systems. Consequently ít is one of the major , ,'
l

duties of the reactive power compensation scheme to control the VAr flow
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duning steady state condition to provide an optimum voltage profile of
the system with respect to the transmission losses and maintain voltage

límits at individual network nodes.

In order to avoid temporary excess voìtage, ê.g. transient and

dynamic overvoltages on EHV ìong line terminatíng components arising
from line energization, re-energization and load rejectìon or on the ac

side of a dc converter station duríng load rejection, steady state

reactive po!{er flow conditions should be maintained as far as possible

or restored as quickly as possible.a2

tdith the límited availability of rights-of-way and also owing to

the cost of ìines, keeping the transfer capability of the system as high

as possible is a main objective for any designer.

Therefone, another duty of reactive polver compensators in EHV

systems is to adjust the vAr infeed in such a v,,ay that the active power

transmission capability of the rines, partÍcularly when long ìines are

involved, is utilized to an optimum. This also requires comect vo'ltage

maintenance at the delivery end and, íf necessary, at substations aìong

the linell This is achieved through the avaitability, during maximum

loading, of enough VAr's such that system frequency voltage variations

could be limited in cases of transient power fluctuations, switching

surges or faulted conditions.

until very recent'ly, generators in power transmission systems

were used to control the reactíve power infeed. However, dynamic over-

voìtages assocíated with load rejections are essentiaì1y caused by high

machine internal voltage and may be aggravated by the generator overspeed.

Self-excitation problems can appear if reactive generation of the line

r-r-:!i;ri.-'r:.¡-:::-i¡14',4^:-,.1!_;

i.:-:.--:1::

;.j ì ,'..r -r .:

l.
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exceeds the reactive absorption capability of the machines connected to

the sendi ng end. The overvol tages resr.¡l ti ng f rom sel f-exci tati on are

dangert.tls not only for the system but also to the machines and transform-

e:^s. This condition must definiteìy be avoided either by increasing the

generating capacity or, simply, by line shunt compensation.

Dynamically any system running near the peak of a steady state

stabi'l i ty 1 imi t wi I'l become unstabl e under the impact of short ci rcui ts

which will produce phase angles in the range beyond thÍs .limitS 
Due to

the inertias involved at both ends of the line, for dynamic stability to

be secured, the lines should be made capable of transmitting more than

the pre-fault power up to the point of maximum anguìar overswing. This

implies that it ís generalìy necessary that the voltage along a very long

line can recover near to its normat value after the fault is removedl3

This is possibie onìy if sufficient shunt capacitive power is suppìied

to cr:mpensate for the increased line reactíve power consumption caused

by the greatly increased line current at'large phase angles. This can

be achieved either by operating the line sufficiently below its surge

impedance power - which is an uneconomical solution - or by adding

capacitive power transientìy for the period in which the phase angle

across the line will be abnormal'ly increasedl6 Ho*.u.r, without adequately

fast VAr contro'l either solution can lead to dangerous overvoltages

particularly under the conditions of a severe "back-swing,', i.e. a

phase condítion when the power transmitted is much less than the pre-fauìt

level.

If non-controllable compensating equipment is used for obtaining

a favourable reactive power flow in the steady-state it has an

l-' 'J.rl
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adverse effect on Èhe system under tnansient conditions and vice versa.
Two digitaì computer studies have been caryied out to illustrate

the po:'itive effects of employing static shunt reactive power controìlers
in ac transmission systems.

(1) using Manitoba-u"s. interconnected system as a model, an evaluation
of different alternative shunt compensation schemes !,Jas investigated
based on the dynamic overvojtages arised from full load rejection
through the main ac tie line or commutation failure of the inter-
connected dc lÍnk inverter termir¡a.l .aa

Figures 1.7 and 1.g show some sample results.
Ïhe main conclusion of the study is th4t static shunt compensa-

tors are i nherenily effectì ve i n r imi t.i ng overvor tages. They not
only give an optimum voltage profile at all loads, but also make

maximum use of rong lines capacitance and permit the addition of
shunt capacitors to boost maximum power. Atso, the appropriate
location of the compensator is of particurar varue.

(2) The two machine system moder shown in Figure 1..9 has been used to
study qualitativeìy the effect of statîc reactive power shunt

compensation on the steady-state, transíent and dynamic stabitity
of a'long ac tie Tine, irrespective of the type of compensator used.

It is apparent from the resulting Power/Angle characteristics
shown in Figure L.10 that the steady-state stability limit is ín_
creased and an improvement in the transient stability timit (evalu-
ated by the equaì area criteriallis possible in case of static VAr

compensation schem.rl"fiå".ver, the gain achieved is limited by the

l:r.:

finite rating of the compensator in the capacitive range compared
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with an ideaj compensato"ll rrr. dynamic stability has been investi-
gated using the phase-plane technique as follows:

Fcn the system model in Figure 1.9, if H and D are the equivalent

inertîa constant and damping of the two machines, the swing equation ,.::,::-:

can be written in the form:z 
: rl

2

# ,t.L Íå, = * (t,n - ü iå i sino) 
,,,,,¡,i,:¡

where,0 is the equivalent deviation angìe from a reference bus and 
::::':':

X. is the equivalent reactance of the connecting system (alì values ;tr,,,,.:,,.:..

are expressed in per unit on the equivalent machine rating).

Defining neuJ parameters :

i

,N = n fo /U : natural angular frequency 
l

:

,Nt : normalizedtime
I

y = do/dt - ,/rN : normalÍzed angular velocity
devi ati on

the swing equation can be rer,mitten as:

v åärt-*r, =P,-o,}r + sine ,:',i,:',
t 

, -.,tt,tt:,

The well known phase-pTane technique can be apptied in a straight 
:'::::: :'

forward manner for a pìot of y versus e (for H=t00 and D=.lO.).

Resulting phase-pìanes (Fígures 1.11 and l.lz) and correspond-
; ... ..:._: ' ..

ing rotor angle swing curves (Figure 1.13) for the different schemes i-;. ,

illustrate, cìearìy, the favourable effect of the static compensator

on the rotor motion subsequent to the first swing after the

di sturbance.

'':;;] : ..J'j',,1:-:
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eh,øptær two

A NOVEL DESIGN FOR THYRISTOR CONTROLLED VAR COMPENSATORS

2"I Introduction

Among other types of static shunt vAr compensat{on systems,

thynistor phase-controlled reactors offer more f.lexibi'lity in terms of
external system stabÍlizing signals, smoother operation in terms of
reactivè poÌ¡Jer variations and with recent advances in solid state tech-

nology have become cost effective. Howevero they suffer from high

harmonic current generation under stead¡state conditions and high

current rating of thyristor valves under transient overvoltage condi-
31-37tions. Such probiems can decrease the cost benefits offered by these

systems

The novelty of a new design concept can be best demonstrated by

comparing Figures 2.1 to 2.4" Figure 2.1 shows a single phase schematic

diagram for a known design of thyristor phase controlled
I2 g 34- 37

reactor. Figure 2.2 shows the voìtage and resuìting curyent waveforms

for a firing angle a. Because of the anti-paralleì connection of the

thyristor pair, it is easy to understand that a=90o gives rise to a

maximum current through the reactor and that a value lower than this
would result in an unsatisfactory operatíon wíthout affecting the funda-

mental component of this maximum cument as will be shown in Section 2.3.

In Figure 2.3 the required reactance x is spìit into two, each of value

2X. A thyristor is used in each arm such that each of the paraìteled
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branches has a reverse biased thyrirtoll-ul¡,e operation of this circuit
is not different from that described in Figure 2.1 for 90o sos 190o"

However, it is now possible to operate this circuit at any value of o

f.-om 0" to 180".

For 0" sos 90o there are periods when both thyristors of a

circuit (per phase) conduct, thereby, causÍng a circulatíng current in
the para'lleled branches. The very first reaction is, therefore, that

the neactors and thyristors both have to be of a higher rating as com-

pared to the affangement in Figure 2.1. This conclusion is part'ly true.

Reactor ratings are discussed in Section 2.4 and the thyristor va'lve

dimensioning is discussed in Section 2.6.

One of the benefíts arísing from the proposed arrangement is
easiìy understood when one considers the harmonic currents injected into

the system due to discontinuous conduction of thyristors. For an equaì

maximum rating of the phase controìled reactors of Figure 2.1 and

Figure 2.3 the values of the reactances have to be as shown in the

figures. Since for the arrangement of Figure 2.3 the series reactor is
of twice the magnitude, the harmonic currents generated would be haìf
of that for the aryangement in Figure 2.1 when the circuits are connected

to the same supply voltage and are operated at an equal firing angle c.

This result has far reaching consequences and will be discussed in

detail in the rest of this chapter.

The aryangement of Figure 2.3 has a drawback in that the

thyristors are not protected from overvoltage stresses. It has become

a regu'lar practice to protect thyristors from overvoltage stresses by

putting them into conducting mode by emergency firing (B0D firing).sl

:{
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Fortunately this is the best course of action for the reactor compensa-

tors because the insertion of shunt reactors, due to emergency firing of
the thyristors, on a bus experiencing overvoìtage, is the desired correc-

'ive 
action. For the arrangement of anti-paraì le'l thyristors in FÍgure 2. ,,,,,

1n when the forward biased thyristor starts conductÍng, the reverse

biased thyristor experiences on'ly the forward voìtage drop of the other

, 
thyristor and, hence, is protected. An emergency firing for.the amange- 

i¡.,,:;;::

ment of Figure 2.3 wilt protect on'ly the forward biased thyristor and may ',|,'!;",'

: cause a voltage breakdown of the other. Figure 2.5 iso therefore, pro- ;,',.,,,...,.; .r, er¡vrure.s, p¡

Posed to overcome this probìem. This new configuration causes a reduced

i voltage to appear across the non-conducting thyristor due to a voltage
drop in the series reactor. The arrangement of Figure 2.5 will be referr- '

td to as the Generalized uM-conceptlt-ff,. addition of a series reactor

.bringstoml.ndanenormousnumberofcombinationsofx,andx,possibte
¿r-- 

¿ 5'
]foragivenva]ueofthemaximumratingofthereactÍvecompensator.

the remaining part of thís chapter is devoted to a systematic analysi, l

ofthisconfiguration.TheUM-Conceptpresentsageneralizedarrangemente ¡r' . vJsrr eJ q ysllsl cl I I ¿eU df-f-Ctflggl

of which the designs of Figure 2.1 and Figure 2.3 are special cases when ,, ,,,

the value of xz or xu is reduced to zero respectively. For completeness ,:,:,,i,,
., ''a further additíon to the description of the UM concept is required,

considering that for HV systems the compensating equipment may be connect-

ed via a transformer. A complete amangement is shown in Figure 2.6 
;,+.iwhere the leakage reactance of the transformer is referred to the low -,'1"' i

voìtage sÍde (xr).
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2"2 Generalized System Equations

A number of simplifying assumptions are made in the foììowing

anaìys"ís in order to be able to obtain simple final algebraic expressions

and to keep the basic physical behavior of the system in sight to gain a

feel for major design changes.

(a) The resistance of all inductors and transformer wÌndings is,ignored.
This assumption is very reasonable since such a device has a very

high Q factor in generaì.

(b) The magnetic non-Tinearity of the connecting transformer is ignored.

The ana'lysis of the saturation in the fìux path of the transformer,

in Reference t381, indicates that it would increase the peak valve

currents by about lI% for a case with xr=xr=O.

(c) The thyristors are represented as ideal switches ignoring their
forward voltage drop, which is usually very small, and dildt, dv/dt

protection ciy cuits.

(d) The analysis also ignores the presence of stray capacitance effects,

protection surge arrestors, etc. which have been found t3gl to pro-

duce negligible influence on the performance.

For the system described in Figure 2.6 we have the following set ;,',.,.',',,:.
-.'. 

.. .: : _-_.: . -:..

of equations:

tr(*-+-ft, =uA*uB*uc

iR-ig-il -iZ*i3*i4=0

iR-iC-il-iZ*i5*i6=0

(2.1)

(2"2)

(z.r¡

l ':_::_'
i:::,..::r.1.,,: rl.
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^' . 
\ '\. .: ''' "','. -.. |'- /, .1 .:. :._r I

considering a'll thyristors in a conductíng mode the voltage equations

for phase A are:

r,*. Ls(+.ft, +zr-rft=vo

din di, di^ d.t,äorr(tr.ft1 +zLrft=vo

Voltage equations for phases B and C are

In the above, Ll, LZ& L3 are the

and x, respectively.

(2.+¡

(z.s)

similarly obtained.

inductances of reactors x,L, xz

2.3 Steady State performance

For the prediction of the cuments and therefore reactive power

absorption by the thyristor phase-controlred reactor and also vortage

stresses across the vatves under steady state operating conditions the
following procedure is employed.

Since the model Ín Figure 2.6 is purely inductive it is possible

to determine uniqueìy the conduction period of each thyristor for a given

value of firing angìe o (from cr to 1g0o-a with respect to the voìtage

across it). Conduction states of thyristors give rise to a number of
different operatÍng modesr pêF cycle, of the system, which are recognized

and recorded.

For the so.lution of currents during a particular operating mode,

a set of simuTtaneous equations is formed by equations (2.1), (z.z),
(2.3)o and some others from the voltage equations of the type (2.4) and

(2"5), based on the criteria explained below:

Consider the operat.!ng modes related to phase A:

(a) when thyristor T, conducts and r, does not, use equation (2.4) with
di Ẑ=(1.
dt vt



(b) when thyristor TU conducts and T,
di.
_.É = 0, and
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does not, use equation (2.S) wttfi

(z.t)

(2. e)

(z.g)

expressions for a line

across that valu. (vï1) are

control angìe a, in

(c) tdhen both r, and r, conduct, use both equations (2.+¡ and (2.s).

SelectÍon of voltage equations for phases B and C are made on a

simiÏar basis' with the knowredge of vortages vo, vr and v, at any
instant, system equations are solved by Gauss E'lìmination method giving
the corresponding values of dildt. By integrating di/dt, currents in all
parts are then eval uated

From the varues of di/dt vortage across any component can be
caTculated. b.g. the vottage across thyristor valve T, is:

uT, = un - Lr diA/dt - L3(di yldt + diz/dt) - zLz dil/dr (2.6)

where dil/dt and di2/dt = 0 when T, or T, is not conducting respectivery.
For secondary phase voltages defined as:

oA=ûsin(or)

VB=Vsin(u:t-t20")

vr=ûsin (trt+126.¡

where û'¡, tut.n 1.0 p.u., the final generaì

current (iR), va'lve cument (ir) and voltage

given in per unit, for all possible ranges of
Table 2. I.

Ratiosyandzare

values of x' x, and x, to

X=t'o*Z**3

defined as key functions to determine the

make up a given total value X in all cases.

(2.10)

r..:i.:.:¡,

:".1,:;.rf .. ,ì

í.3.:if:¡.ij:t!:; l-l

l;::.:l: il.iii..r¡l
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.X

x,v=f
For simpìified expressions in Table Z.In the

tions are made:

ct=1+y

c2=cL-z

ca=cl+c2

co=cr+c,

cS=cl+c4
c6 = 3rZ-

',l=3cr-Vz

cg = 3cr- ZVz

Al so,

h, = cos (.t)

h, = cos (ot - 120. )

h, = cos (,¡t + 120.)

and

fol lowing

35

(2.t1,)

(z.tz)

substi tu-

.¿ :. -.:'1 ¿:: : : ) ;: -.!.| ¿ ; 
l'.. |, | :: ;1

r:ia:: a'l

(e. ts)

(2.14)

(2. ts)

(2.rc)

(2.t7)

(2. te)

(z.tg)

(z.zo)

(2"21)

(2.22)

(2.23)

(2.24)

(2.2s)

(2.26')

are drawn to

= cos(o)

= cos(a-120")

= cos(a+120")

Some results, using the expressions in Table 2.I,
bring out the important aspects of operation.
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Figure 2.7 Voltøge ønd currents for one phøse,
Y=0'z=0

*-_--'
Figure 2.8. Voltøge ønd currents for one phøse,

Y=0,2=1.
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Figure 2.9 Voltage ønd. cumente for one phøse,
Y=0,3,2=0.7

\

\

4 = 730o,

/^\

\

--_"\Voltøge ønd currents for one phøse, d = g0o. \Figure 2.10
!=0.3,2=0,7 
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Figures 2.7 to2.10 are incruded to show the basic infrr.r.. ::
configurations. Resurts of Figures 2.7, 2.g and 2.9 correspond to the
ìayout in Figure 2.6, and are for:

Case 1: y = 0¡ z = 0 (i.e. alt reactance is lumped into the
separate reactor xr) This design is reported by General Electric
and hlestinghouse '34'37 '52

Case 2: y = 0,7 = 1 (i.e. all reactance is included in the
transformer leakage). This design ìs reported uv eec?oã;å,rt
case 3: y = 0.3 and z = 0.7 as an exampre arbitrariry chosen to
illustrate the behaviour of the Generalized uM-concept.

Each figure shows voltage on the secondary side (vo), voltage across a

valve (vrr) currents through the varves (i 1, i r) and current on the
primary side (Ío) for one phase, for o = 1.30". The following observa-
tions are noteworthy:

(a) cr = 130o does not coryespond to the same reactive power loading
for all three cases. This is because of the diff,erences in the
ranges of a control, as wiTì be shown later.

(b) The peak voltage appearing across a valve is always equaì to the
peak secondary line voltage in case 1, whereas in other cases it is
reduced to a lower voltage.

since in the uM-concept (case 3) it is possÍble to operate for
a<90o, Figure 2.lo is included to show current and voìtage waveforms for
o = 80o' It is to be noted that the line current is nearìy sinusoidal
and that the peak voìtage across the valves is substantialìy reduced.

Figures 2.11 and z.LZ are included to show cases of abnormal

operation for known designs. Figure 2.11 is for case 1 (y=0, z=0), with

.' : '-:- .; .";
:4..'...::,i.:.
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/Fieure 2.11 Voltøge ønd currents for one phøse, c{ = g0o,
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Figure 2.12 Voltage and currents for one phøse, d, = l|0o,y=4.0,2=1.0
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cr=80o" hjhen the triggering pulse is applied to thyristor T, the vottage

across it is very small since T, is stíll in conduction mode and there-

fore wculd not. conduct. However, when a hígh voltage appears across Tz,

at the instant r, stops conducting, there would be no puìses applied to
T, and therefore conduction would not take p'lace. Hence we end up with

one thyriston conducting per phase and thís results in a distorted ìine

current with a high dc component. However for practicaì applications

there is usually a small non-linear reactor in series with each thyristor
valve for di/dt protection. This small reactor may cause the two

thyristors/phase to conduct simultaneousry. In Figure z.Lz, case 2

(y=0, z=1) was examined for a firing angre o = LlOo. The high current

through r, is due to the fact that when two phases are conducting, in

this configuration, the vo'ltage appearing across the third phase is very

small. However when vo'ltage across one of the conducting phases becomes

smaT'l (near its zero crossing), there ís a chance that a thyristor in
the third phase would conduct provided that the triggering pulse is still
applied to it. The current and voìtage waveforms appearing in Figure 2.12

do match to a great extent the results in Reference t3gl given for an

actual reduced scale physical model.

2.4 Fundamental Current and Reactors Rating

In order to study the characteristic performance of the device

in the steady state it is important to derive a direct relationship

between its input parameter (control ang'le a) and its output quantity

(reactive power). The effectíve reactive potver of the thyristor controll-
ed reactor is directly proportional to the power frequency component of
its line current and, in per unit, they both are equal. In per-unit

¡t¡ :
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values iA, i, and i, represent these currents.

The magnitude of the fundamental component of line current
given:;y:

iO is

" 3¡/2
Int = i ,t,, 

i4(ot)' cos(ot)' d(urt)

where iO(r,rt) is given in Table 2. i.

for Os¿its2n

(2.27)

(2.28)

The final expressions for this fundamental cument, in per unit,
over different operating ranges of control angle o are given in Tabte 2.II.
Figure 2.1'3 shows the p"u. reactive pot^,er variation with a for various

designs. Known designs of Cases L and 2 provide an effective control
range of a from 90o to 180" and 120o to 180o respectively. 0ther combina-

tions of y and z provide a who'le new range of alternatÍve designs - some

of which appear superior to the known ones in an over-all assessment.

Non-zero values of y spread the control range from 0.to 180o.

The value of z, however, has no inftuence on the reactive power for o<90o.

As the value of y increases the sensitivity of reactive power to small

deviations of control angìe a is reduced, which would have a favourable

effect on the stabiìity of q control

One other criterion for comparing various designs is the total
MVA rating of all reactors forming a compensator. At fuil load (o = 0o)

p.u. valve current ir, from Table Z.I, is given by:

i, = (ì -cos (oit))/2

therefore the p.u" rms value is:

{;2d(ot) (2.2s)
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At o = 0o a'l'l valve currents are equaì

in p.u. = 1..0. Under this condition,

actor x, in Figure 2.6 equals to that

totaì rating of atl reactors/phase isi

a"=F*F. (q)' +. rEt'

49

in magnitude, and the line cument

the vaì ue of cument through re-

of line current. Hence the per unit

2*z-r
=xL+xe+x3 -z=.-

=l+Zy (2.30)

The rating Qr is increased as a higher value of y is chosen as shown in

Figure 2.L4. However, selection of z does not influence the inltalteA

capacity of the reactors. Therefore for the three cases considered before:

Case 1 (y=0"0, z=0.0): Q,^ = 1.0 p.u.

Case 2 (y=0.0, z=L.0): Q. = 1.0 p.u.

Case 3 (y=0. 3, z=0.7): Q, = 1.6 p.u.

2.5 Harmonic Analysis

Harmonics generated by the static compensators form by far the

most important concern in their application for power systems. It is,
therefore, only reasonable to search for designs which produce low level

of harmonic content and also result Ín a saving in the cost of'filtering
equipment. The Generalized UM-Concept offers such possibilities. From

harmonic consideration the major interest lies in the line currents.

Since these currents are periodic and of odd function behaviour, as seen

from Figures 2.7 to 2.L0, they can be resolved into odd harmonics.
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The magnítude of the nth harmonic component of rine
is calculated using the following integration:

ô 3n/2
in = i ,!r, io(t'rt) cos(nr¡t) d(øt)

where lo(urt) is given in Table 2.I. The detailed calculation of these
cuffents is rather lengthy and gives rise to long expressions. The final
simptified expressions are given in Tabr e Z.LI where the foilowing sub-

(2.32)

(2. ss)

(2.34)

(2. 35 )

(2.36)

(z.st)

Figures 2'15 to 2-24 show the magnítude of harmonic currents as
a function of p.u. reactive power of the compensator. Figures z.i.s, 2.16
and 2' 17 correspond to the three cases considered (Cases 1 and Z for known
designs while case 3 represents a reasonabte example to illustrate the
generalized proposed UM-Concept). Figures 2.1g to 2.24 are included to
demonstrate the effect of increasing the parameter y(=xr/X) on the general
behaviour of harmonics. The fotlowing important observations are to be
made:

(a) The peak values of aÏ'r harmonics are the highest for case z (y=0, z=!)
and the lowest for the case with y=1. However, there is only titile
change in the harmonics for varues of y from 0.4 to 1.0.

51

current lO

(z.st)

stitutions are made:

f, = (n-1) sin(n+1)q

f2 = (n-1) sin{(n+1)o-120.}

ft = (n-1) sin{(n+1)o+120"}

81 = (n+l) sin(n-1)o

gZ = (n+l) sin{(n-1)a+120o}

83 = (n+1) sin{(n-1)1¡-lZO"}
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(b) Higher magnitudes of harmonics occur over a smaller

of reactive power as y increases from 0 to 0.4.

53

operating range

(c) tdhile many harmonic filters may be required for the known designs

of cases I and 2, because of rower harmonics generation, some of
these may be unnecessary for the designs arising'from the Generalized

UM-Concept.

(d) In the new designs where y takes a value >0.2, an additional region

of reactive power exists, in the neighbourhood of a = 90o, where the

harmonic content is insignificant. This may be the preferyed region

for normal operation of the compensator which allows sufficient
margin for excursions on either side. This region lies between 0.7S

to 0.8 p.u. reactive power for the example of Case 3 (y=0.3, z=0.7)

and approaches the mid operating range as y takes higher values.

In order to evaluate the influence of the alternatives offered by the new

generalized concept from the harmonics point of view, an extensive study

was made. Figures 2.25 and 2.26 sunrmarize the peak values of the Sth and

7th harmonics respectively for some combinations of y and z. It is ob-

served that as y is increased from 0 to 0.4 there is a sharp reduction

in the peak value of the harmonics and for a given value of ys0.2 as z is
reduced the peak value of the harmonics are also reduced until z approaches

0.5. However with y>0. 2 as z is reduced the harmonic peaks increase and

for y>0.4 the reduction in the harmonic content is marginaì. Considera-

tion of peak valr¡e alone of a harmonic is not sufficient to,illustrate
their influence as can be seen from Figures 2.16 and 2.r7. In Figure 2.16

the harmonic content is a flat topped functíon of the compensator reactive
power inrplying, thereby, that a given value of harmonic is present ov.r a
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ìarge operating range. 0n the contrary, a va1ue of harmonic content

exists over a much smaller range of reactive power in Figure 2.17.

A better evaluation of the harmonic content is, therefore,
quantized in an alternative presentation in Figures 2.27 and 2.2g for ,., .,.;
the sth and 7th harmonics respectivety. For example, consider point A

in Figure 2.27 (for y=0, 2=g) it indicates that a bth harmonic content
of 0'04 p.u. exists for 30% of the VAr operating range of the compensator. :-,,.,.:.;:.

.: -...-..'.

' "ì,. 
,t

2.6 0vervoì taqe Transi ent performance 
:r.,::,:

For the application of static shunt VAr compensators the thyristor '::"::':'

:valves are invariably designed to withstand the transíent overloadings, 
,

which are usuaììy of many orders of magnitude above the steady state
rating. In order to solve the issue of thyristor valve sizing for.the '

l

proposed new designs in comparison to the available ones, the studies l

'presented in this section have beem carried out.
iThe purpose of this investigation is therefore to identify the 
i

worst case which would give rise to a maximum transient overloading of
the thyristor valves and its extent when a reactor is subjected to over- j :l

ir.i ,:ìr..i.

vol tages
1':¡'''"t:: '

The prime cause for a bus overvoìtage is a sudden rejection of :::r::::ì:

load. During the first few cycles severe distortions in the 3-phase

voìtages usually occur which are infìuenced by system resonances. Hence,

un'less a system configuration is known in detail, it is difficult to ,, ,.,,ì..: -_;- _:

predict the voltage waveforms after tripping a load. Since the major

concern here is to study the transient overvoltage stresses on the
thyristor valves of a number of arternative designs on a comparative

basis, the exact waveforms of overvoìtages are of less importance. i,ï_ril
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Under the circumstances it is reasonable to take a simplistic approach

and represent the overvoìtages in an orderly manner.

For this study a situation is considered where an overvoltage of

1"7 p.u. occurs on a bus and is maintained for a few cycles. Under this

situation, in place of the line voltages jumping instantaneously from 1..

to 1..7 p.u., it is assumed that each phase vortage changes from 1.to

1-7 p.u. value from its first zero crossing after the event and remains

sinusoidal (Figure 2.29). Indeed the calculations show that this is a

more severe condition as compared to overvoltages occurring instantaneous-

1y" The maximum overcument peak for sudden overvoltages turn out to be

5 to L0% lower, depending upon the value of y as compared to the over-

voltage phenomenon described earlier, as can be seen in Figure 2.30.

It must be clearly understood that this description of overvoltages

is neither defended to be realistic, nor should be misunderstood to impìy

a restriction on the anaìytical technique used to calculate the result-

ing overcurrents

The overcurrents, as a consequence of the overvol tages, depend

to a great extent firstìy on the type of controller for the thyristor

valves, and secondly on the setting of the compensator load, i.e.
operating value of o prior to the occurrence of the overvoltage. Both

above factors control the initÍat conditions and, hence, the d.c. offset
of the transient currents.

The procedure adopted for the calculations of overcurrents is

that at any time when a valve experiences an overvoltage of 1.2S p.u.

(tnts setting can be altered; it has been chosen arbitrarity) an emerg-

ency firing pulse ís supplied to it to put it into conducting mode. This
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normat-+* overvoltage

lZ p.u.

Figure 2.29 Deecription of the øsaumed, oueruoltøge
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action can either be taken on an individual valve basis, or after the

first emergency firing a continuous firing signal can be applied to all

thyrist.or valves. The latter may be preferred because it provides a

simpler and better protection strategy and is most effective in counter-

ing the overvoltages. Therefore, all results presented here comespond

to a continuous firing scheme on al'l valves. In order to be able to make

a comparative study between different designs an ideal connecting trans-

former was assumed with a total leakage reactance of 0.1 p.u.

In every time step the system current and voltage equations of

Section 2.2 are simultaneous'ly so'lved, using the criteria outlined in

section 2.3 whenever a ner,r mode of operation arises, yie'lding new

cuments which are then used as initial values for the next time interval.

By conducting numerous numerical experiments it has been concìud-

ed that the worst case - the design case - is when overvoltages occur at

a time when the thyristor controlled reactor is at no load, i.e. oo=180o.

Figure 2.3L shows the maximum peak curuent for any valve for different

initial values of o for different designs (different values of y - the

parameter z has. no significant influence). In all, co = L80o is the

worst case.

In fact this conclusion coincides with the results obtained by

experiments on a reduced scale physical model for a specitic designSS

Figure 2.31 also i'llustrates the advantage of choosing a higher value of

v.

Figures 2.32 (a,b and c) are for a known design, i.ê.,
y=0, z=0. Figure 2.32 (a) shows the instantaneous voltages across the

valves, oo = L80o prior to emergency firing - triggered by voìtage across
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T, and is appried to ail varves. Notíce from the varve currents in
Figure 2"32 (b) that the varve Tu carries a peak current of 3.5g p.u.
Itour.=#l and fairs to extinguish. ThÍs can indeed happen to any one
valve and hence each valve must be desÍgned to withstand such a stress.

For the other known design where y=0 and Z=1, the voltages across
and currents through the varves subsequent to overvoìtages are found
identical to those shown in Figures Z.3Z (a) and Z.3Z (b).

Figures 2.33 (a), (b) and (c) are for another extreme in design
for y=1, z=0- It must be rearized that due to the reactors (2xr) in
series with each varve (Figure 2-3), unequar vortages appear across each
valve' Further, one-half of the valves are not prnotected by the emergency
firing during the first cycìe because they are reverse biased. It is
for this reason that modifÍcations in the original concept were made to
give the Generalized UM-Concept. It must, however, be noted that not
withstanding ttre overvoltages during one cycle, the transient over cument
peaks are indeed only about S0% (1.gg p.u.). Since valves must be sizedtfor i-t ratings the valve size could be almost %th from current considera_
tÌons aìone. A part of this resurting saving in the number of pararteì
paths, or sizes of thyristors, can perhaps be reinvested by con_
nectÍng a higher number of thyristors in series to withstand overvoltages
and yet come out with a net saving. The finar outcome depends to a great
extent on the size of a compensator.

Figures z.3a G), (b) and (c) correspond

design y=0.3 " z--0.2 arising from the UM_Concept.

voltage coming across a valve is limited to 1.25

threshold level, as can be seen from Figure 2.34

to a more realistic

In this case the maximum

- emergency firing
(a) and (b) which reduces
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to 0.75 p.u. on the non-conducting valve after emergency firing. The

peak vaìue of the valve cuments at the same time are restricted well
below ?..75 p.u" It should be noted here that the relative values of
rr2¿t works out to be of almost the same ratio as those of i peak.

A comparison of the results of Figures 2.32 and 2.34 brings out
quite clearìy that a great saving can be achieved in the thyristor valves

for the proposed uM-designs in comparison to the known designs.

Table 2.III provides some important data for an easy comparison.

In the previous sections it has been shown that many advantages

are gained by selecting a thyristor phase controlled reactor design

arising from the generalised uM-concept. By choosing a non-zero value

of y, it is possible to minimize harmonic generation, reduce the voltages

appearing across the thyristors when they are in the off state, increase

the control range and find a region for normal operation where the har-

monic content is minimal and yet about which a margin exists on either
side for making controlled adjustments. The above advantages occur at
the cost of a slight increase in the total instalìed rating of the react-
or components.

It was indicated in section 2.3 that during the operation for
0sos90 there are periods when both thyristors of a paraileled combination
(per phase) conduct simultaneousìyo which result in a circulating current
in the loop formed by two paralleled branches per phase. The influence
of these circulating currents is that under steady state operation for
o<90o the thyristors must cope with a higher ilt, i.e. junction heating.

2.7 Guidelines for the Selqction of an 0ptimum Desi
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TABLE 2.TTT

A COIîPARATIVE EVALUATION OF
INDICES OF VARIOUS

KEY PERFORMANCE

DISIGNS

DESIGN DESCRIPTION
Performance Index

Y=0,
z=0

V=0,
z=I

Y--1'
z=0

.Y=0. 3 ,
z=0.7*

1. Total rating
of reactors,
0'r' P.U.

2. fMaximum peak
of transient
val ve current
p. u.

3. Maximum value
of the Sth
harmonic current
p. u.

4. Control anqle
(a) range -

4. tMaximum voltage
across a thyrist-
or valve, p.u.

1.61.01.0 3.0

1.88 2.753.58

0. 05

90- 180

t.25

3. 58

0.076

1 20- 180

1.25

0. 025

0- 180

0.033

0-180

L.251.7

* This is not an optimum design from the uM-concept - it is used as an
exampl e.

t The figures refer to an assumed
when emergency firing level for

overvoltage situation of 1.7 p.u.
thyristor valves is set at 1.25 p.u.
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This requirement' in fact, infruences the cooring system design for the
thyristors and not the thyristor varve sizing as may othenrise þe mis_
understood.

l,Jhen one considers overvortages it is h.ighry unrikery that the
connecting transformers would stay linear. The system may, then, become

a hybrid of saturated reactor and thyristor phase control. For realistic
overvoltage studies, therefore, this fact must be taken into account.
Designs with tow ìeakage reactance transformers mâ.y, therefore, work out
to be ìess effective than those with a high primary reakage reactance.

For selecting an optimum design perhaps the best criterion is to
minimize cost' Fo.llowing are the major components of a system which can
be priced direcily:
(a) Connecting transformer;

(b) Linear reactors;

(c) Thyristor valves; and

(d) Fi 1 ters

From the known designs two different points of view seem to
emerge' l^Jhile some manufacturers consider that the system cost can be
minimized by using a standard transformer and having separate reactors,
the others tend to think that it is better to have a high reakage react-
ance transformer to serve both functions. In the former the transformer
must be speciaily designed because íf the intent is not to operate the
thyristor phase contro'lled reactors in a hybrid mode, the transformer
must be designed for normar operation at a rower frux density. For a
given value of y the options, therefore are to choose z = (1-y) (reactor
transformer), or z=0 (separate series reactors).

iThe total rating is, and hence the cost of reactors may turn out i
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to be, a simple linear function of y.

As the value of y is increased the harmonic content is reduced.
This may, therefore, be the most Ímportant factor because it determines
(a) tne size of a filter, (¡) trre number of harmonics for whÍch filters
must be provided, and ìasily it is aìways better to have a source which
inherently generates little harmonics. Most peopîe concern themselves
with the harmonics which require firters. However it is of utmost im_
portance to consider the harmonics which are not effectivety filtered
and which find their way through the tines. Hence in cost optimization,
while the cost of fílters is taken into account, a penalty function must
be added for harmonic level in general

The selected value of y has another significant influence on
the cost of thyristor valves. The results of Figure 2.31 are very inform-
ative in this regard (oo 1B0o design case). Since i2t function influen_
ces sizing (including parallel paths) tne worst peak current provides a
good inication. Higher varues of y not onry reduce the roading, but arso
ensure that al'l thyristors are nearly equally stressed, whereas this is
not the case for the known designs.

l"lhen a reliable cost function for the above discussed factors is
avai.labre an optimum system configuration can be determined.

Most of the resurts presented in this chapter are for designs
whÍch have y+2=1. This is not a necessary condition but may be most desir-
ab'le from cost optimization cosiderations because y+zll impties that allxr X2 and x, values are non-zero. It may be desirabre to have xr=0 and
incorporate the required reactance value in the leakage reactance of the
connecting transformer or use a standared transformer and get the remain-
ing reactance adjusted i n 

^Z 
.
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2.8

For power system studies by digitaì simulation, it is required
to represent the thyristor phase controlred reactor adequatery. The
basic requirements of a good model are:
(a) to provide a correct relation between devÍce terminal voltage and

current (or reactive power),

(b) to be suitabre for easy apprication in avairabre digitaì programs
with minimum modifications and

(c) to be símpte and accurate enough for at practicar purposes over
widest possible operating range"

Here' a simple model is suggested which satisfies such conditions.
As shown in Figure 2'35 the model is an inertia-less generator of source
voltage E, connected to the terminar bus through u tix.d reactan..; o.;
phase. The constraints on E, are that it arwayl stays in phase with the
terminal bus vortage v, and is a controiled function of the conduction
angle a.

For system dynamics studies, the concerñ mainry ties in the
reactive power frow from a vAr compensating device. Therefore, Ít is
sufficient to take into account the power frequency current component of
the device. From the model in Figure 2.35; ,

, - vT-Er v.
' = ìT- = It(n.u.l f

or E, = V1(t-Ir(o.u.)) = V, f(cr)

where, the p.u. fundamental cument

explicit function of control angle a

(2.s8)

(2. rs ¡

I, is given,in Tab'le 2.II as an

for any amangement of reactors.

tfi
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For special cases of design:

(a) J=0, z=0,

T = vT¡za-_l4e_1¡

(b) J=0, z=!,

for n/Zss,sn (2.+o)

for O-<asn (2.43)

This moder is most suited for digitar programs where modern techn_

r: j-,.1i-5-. 14:;:\i

Er = vTrffil-r, for zrl3sassr/6 (2.4j,)

Er = vT ¡3(2a=tin2e) -r, for 5nl65o5n (2.42)
(c) y=1,2=0,

ET = vrr&=il@l

iques of dÍrect sorution of power system networks are emproyed.

For harmonic studies under steady_state conditions, the primary
concern generaìly lies in investigating the effect of harmonic currents,
generated by the static VAr controlting device, on the ac system rather
than on the device itserf. The effect of the harmonics wiil vary as a
function of systen parameters and such variabres as the proximity of
teìephone lines, etc. The moder described earrier can be readiry used
for these studies by replacing Ir(p.u.) by the nth harmoníc cu*ent
In(p.u.) given in Table 2.II
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STATIC REACTIVE

chøpter three

POI^IER CONTROL hIITH HVDC SYSTEMS

Transmi ssi on

of a correct balance

power on the ac side

relíable means.

lontrol at acldc Junctjon Terminal

of power through

and therefore of

of the converter

any dc scheme involves the necessity

generation and control of reactive

terminal by an economical and

The operation of a HVDC converter causes harmonic currents injec-
tion into the ac system whire the ac system must suppry the reactive
power necessary for the commutation process. The harmonic curyents so
generated are short circuited by means of series resonant filters which
also provide some capacitive reactÍve power at the fundamental t..q,ld,1dJl-ut

It is usual to provide complete compensation, by terminal eqgip_
ment, for the steady-state reactive power demand of a HvDC converter to
avoid high I¿R losses assocÍated with the transmission of reactiu. po*.r.tt
This means that the ac system is only cailed upon to deriver (or accept)
real power under steady-state conditions

unfortunateìy, transient reguìating phenomena takÌng prace in a

converter give rise to rarge changes in reactive power demand (as wirì
be shown in section 3.2) which has to be suppried from or to the 3-phase
system' If the system is strong (i.e. of low ímpedance or ín other words,
the a'c' system short circuit level is in excess of the ratio of converter
full load MVAr to the permitted per-unit voitage reguìation) at the
interconnecting point to the HVDC station, reactive power compensation
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is almost exclusively striven for by utilizing fixed capacitors and

filter cincuits]1 tt the ac system has an appreciable internal impedance

at funcamental frequency, however, the above procedure does not provide

an optimum solution partly because in the event of a sudden disturbance

in the reactive power balance at the converter bus high termÍnaì voltage

fluctuations will occur. The design of the thyristor converter valves

to withstand such overvortage fluctuations is quite costt¡l.t"fr,r, a re-
ductíon of load rejection overvoltages is vital for the HVDC converter

stationdesignaswe]lasthestationinsulationlevel:

For these reasons a fast controllable reactive power compensating

system is required and the filter circuits are designed for the smallest
possible capacitive VAr,s at fundamental frequ.ncy..l

The synchronous compensator is the conventional solution.a It can

regu'late the reactive power in a stepless manner, provide a good amount

of damping and minimize the ac voltage angle fluctuations thus reducing

the possÍbi.lity of cómmutation failure in an inverter terminal. It,
however, increases the short circuit level and has inherenily s'low re-
sponse. Atso, it has its own stability problems.

An inves'tigation was carried out to study stability problems

using on'ly synchronous compensators and a combination of synchronous

and static compensators

The system shown in Figure 3.1 (a) was examined for a temporary 
1i¡i¡i-r,:.i

loss of all dc (real and reactive) power. A recovery time of r.00 msec .';''i'ì'i"":
was ässumed, for all cases, in which the dc power is restored gradua.lly

to its normal prefau'lt value. The results for different periods of dc l

load rejection are summarized in Figure 3.1 (b) for various reactive
i, 
ii;,i :,, 

'.;t,
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power compensatíon schemes. The results clearly show a favorable effect
of using static VAr compensation without increasing the system short

circuit level.

The case indicated by point A in Figure 3.1 (b) was tested for
unstable operatÍon on the dc simulator of IREQ.62 It was aìso confirmed

that when a static compensator (of 20% slope) was added the system ¡¡as

stabl e .

3.2 Short-Term Regulation Characteristics of ac/dc Junction Terminal

There are two important aspects, as mentioned earìier, of con-

trolting the momentary reactive power balance at the acldc interconnecting

terminal. First, the reactive povuer has a significant effect on the

dynamic overvoltages which are of vital concern for dc converters espec-

ia'lìy those empìoying thyristor varves and also for the ac system equip-

ments. The second aspect concerns the effect on the stability particuìar-

ly of a weak ac system

Previous attempts to investigate the HVDC/AC junctíon vAr

characteristics were made either for long-term AutJeor under the assump-

tion of constant ac system voltfleiti. o, oversimpìífying dc and/or ac
73_76

system model!. In view of the above aspects, this section provides an

accurate study of the reactive load short-term reguìation characteristics

of the acldc iunction terminal as affected by the parameters of the ac

system, compensating equipment, filters and dc tink controls.

The expression short-term duty indicates $he temporary conditions

occurring during the period when sudden changes, such as a load step on

the HVDC system or a voltage dip on the three-phase system, are stabilized.

ti{;;,,',
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The time taken to stabilize such a temporary phemonenon depends largeìy
on the response time of the regulating unit (transformer tap changer,

time constant of generator or synchronous compensator) which depend-

', ing on the magnÍtude of the surge, ffiôy be in the region of 10 msec. to .,,.,i;.
:l 61 

-''- - -J I -v r¡rrvu' u

10 sec' short-term operation thus closes the gap between transient
phenomena and long_term duty.

' As the reactive load of the static converter and also that of ..',:.:
' 

nmncnc¡finrr mô.1i5 âh^ ?¡^-^-J^-¡ . 
-- - 

",1 "'t'thecompensatingmediaaredependentuponthe3-phasevoìtage(andvice

r,. versa) an¿ the 3-phase voltage depends on the momentary reactive load r.''''...

balance, there is no satísfactory means of separatinç¡ the HVDC f,rom the
c system for calculation.

::In order to study the reactive load response of the HVDC terminal i

.inshort.ternrdutyitisnecesSarytotreatthestaticconverter'com-

pensating media and 3-phase network as a singre entity. 
i

ObvÍously, combining these partial systems to form an overall
system rnakes it difficult to obtain an overalì picture of the phenomena ,

because of various parameters involved.
l^ ¡L¡- ^¡.-l- : tIn this study the analysis of the interaction phenomena between i;i1;,;,¡¡:¡,'Lre crfrcrrysrs or phenomena betwee

dc and ac system variables is carried out by means of reasonable assump- ,,,,rli,,,
tions and appropriate representatjon of the parameters in order to pro- 

.

mote understanding of the control and regulation maRoeuvers which can

improve operation '::.
' 

-^-^J J^--- ! . 
t t ''''i The followÍng considerations are based on the equivalent circuit

for an HVDC inverter terminal station in a 3-phase network as shown in
Figure 3.2.

iì,.:..: :



The ac system is simulated by an ideal voltage supply (vo) behind

a reactance (X.)and a shunt dampÍng resistor (!U) in parallel with a load

reactance (X¿). A total impedance angle of 75o at fundamental frequency

with thi's representation may provide a realistic representatÍon of the .,,.,

ac system load damping and lines, transformers and generators reactances.

These measures seem acceptabìe and justified for gaining qualitative

.' ::,,: ainformation about the power frequency phenomena42's8 
,,rl:.

The reactive pourer compensating system (synchronous or static) ts ' .'

:,':ì.rr..:

represented by a voltage source (E1) behind a reactance (Xr). (See ¡;,i.r.

Section 2.8 for the static compensator)

The current harmonics filter circuits are replaced by a capacitor

forcompensatingpartofthereactiVepoWeratfundamentalfrequency

This simplification is acceptable for the time span involved and believed 
:

61
lto cause negìigibìe error. 

:

The inverter terminal with its conventer transformer leakage
i

reactance is faithfuìly simulated in the computer programme on which the ;

following results are based. The smoothing reactor ensures a smoothed i.,, ,.

direct cument (Id) and is matched to the HVDC condítions. The derivation iË
,.:...',:..:of the piecewise linearlized system equations used in the computer pro- ,.;,,r,i,,,

gram i s gi ven as fo'l I ows :

Using a suitable per-unit system for the dc quantirt.ål the fo1lowing

equations govern the system model shown in Figure 3.2. 
i*_li

E-VP, - o*pø 
t sin(or-e) (3.1)o

P¿ = vdld ß.2)
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Qd = Q, * Q. - Qu-Q (g.s)

coso = # (¡.+)

Qd = Pdtanô

Vd = V.TN cos y * R. Id

where:
VVD - 'ab 

sino'-l-
e

pu = vu2/Rr

Vn-aqs = X; lErcos (or-o) - Vu]

Qc = uu' y.

Qs = u! txu

Vrì-AA =Ë(Va Vocoso)

T = converter transformer taps

X. = p.u. conrnutating reactance/brídge

[t¡l = number of dc brídges in series

R. = -åNX.

y = extinction angle of inverter valves.

(¡.s)

(3.0)
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The piece-wise linearization of the above equations gives:

araVu + aZ APd + a3ne + a4^os = 0

bralo + b2 
^vd 

+ b3APd - 0

ctaVu * t2 oQd + ca^e + c4^es = 0

dl^va + d2 
^vd 

* oro* = Q

.t^Qd + e, aPO * .ro* = Q

fl^Va + fZ 
^Vd 

+ f3^Id + f4ay = 0

(provided that aìì angles are in radians)

The values of the coefficients in the above equations are:

u'=(P¿*pn)/va

a, = -ì'o

ô3=ao*v3 ,+.-L*h-t.,
u4=-Qs-Va/XS

-vd

-Id

1.0

(s.z)

(3.8)

(s.g)

(s.to)

(g.tt)

(3.12)

b1

bz

b3

c, = Q¿/va * vu (yc - 111
[-r.-çr

-1.0

Pl, - PO

-Vu Ersin (es - e)/Xs

'z=
t3=

c4=

l¿,1

11..,



dl = TN cos6

d, = 1'o

d, = V.TN sino

e, = 1'o

-tanó

-P,o/ cosz ç

TN cosy

fr= -r'o

f^=RJc

fO = V.TN sinv

For a static compansator 
^os 

= ^o whereas for a synchronous compensator
ae, is assumed to be zero. For a given value of Ây, Equations ,3.7 

to
3.12 are sorved simuratneousry, for a smat change of, 

^pd. 
varues of vu,

e' 0s, Id, vd, Qd and q are then updated and used as initiar conditions
for the next change in ap..

The rated reactive 'load (Qo) of the static converter is about
53% of the rated active load transirr*on lp ì ,lnsmitted (pd) and corresponds to a dis-
placement factor of 0.gg without taking the compensating equipment into
account' i'e' measured direct at the converter transformer terminals.
This appties under the assumption that the static converter transformer
Ís suppìied with a sinusoidaT rated voltage, which is assured by the
filter circuits, and with a rated road at the inverter at nominar
extinction angle (v) of 1go

97
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In contrast to ac transmission, with HVDC, real power can be

adjusted by means of grid control acting on the current or on the voltage,
or on a combination of both. An economically most suitable method of
power reduction is determined by the amount and duratÍon of the reduction
in conjunction with the requirements regarding the reactive load baìance.
l'rlhen protracted long-term duty is involved Ít would be preferable to
introduce a cuffent reduction because of the significance of the trans-
mission losses, whereas in the case of short-term power reduction it is
advantageous to reduce the volrunJL at least make a combined reduction
of vol tage and current

Figures 3.3 and 3.4 show the ac fundamental frequency voltage rise
short-term dc load shedding for a system with a short circuit ratio
( í ncl uding synchronous compensator) .

Filter capacitive vAr compensation is s0% of inverter vAr consump-

tion at rated load and ac voltage.

In order to avoid comp'licated charts, the parameters used in
Figure 3.3 are extinction angìe (y) and dc current (IO), whereas dc

voltage (v¿) and advance angre (g) are used in Figure 3.4. The dotted
line represents the ac voltage angìe (e) variations.

Inverter reactive load characteristics for the same case are

shown in Figure 3.5.

It is noticed that the reactive povuer consumption of the inverter
reduces, somewhat more than proportionately to the active power. Large

reduction of Qo affects the network in that the reactive power suppìied
by the compensation devices no longer flows to the same extent to the
static dc converter equipment, but instead, part of it has to be absorbed

duri ng

of 2.0

,.a¡.r:il'l:.--i-'
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by the network. The result is an increase in ac system voltage. In

short-term duty, the higher system voltage causes a further reductíon in
the cominutating reactive load and atso a rise in the capacitor reactive
supply which increases as the square of the voìtage.

Both of these effects tend to raise the ac system voltage. The

rise is more pronounced in weak networks as compared to that in strong
ones. (Figure 3.6.)

Besides the system reactance influence on the short-term regula-
tion phenomena, the installed capacÍtor MVAr has an additional effectSl'77
Figures 3.7 and 3.8 show a comparison of system regulation characteristics
as affected by different short circuit ratios and fi'lter capacitive VAr

compensation. The higher the capacitor rating, for weak ac systems, the

higher the regulation.

If a static compensator is instalìed in place of a synchronous

compensatoF, with the system short circuit ratio as low as unity, the

regulation characteristics are as shown ín Figure 3.9. The ac voltage

rise, for a short-term complete load rejection, with constant extinction
angle control in this case, is about 13% as compared with 36% and ls%

for a system using synchronous compensators with overall short circuit
ratios of 2.0 and 4.0 respectively.

The system shown in Figure 3.2 was simulated using a transient
stability program (see Appendix A). The ac terminal voltage time response

for a case when the dc power order, acting upon dc current, Ís reduced

by 50% is shown in Figure 3.10. A high dynamic overvoltage is experienced

when a synchronous compensator is used for VAr control at the inverter
terminal (curve i). The amount of overvoltage is substantially reduced
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when, in place of a synchronous compensator, a static VAr compensator
(of stope 20%) is used (curve ii). However, when the dc voltage is
temporarily reduced, by advancing the extínction angle, through a voltage
controìler (as shown in Figure A.z) tt gËrve an overall'favorable terminal
effects (curve iii) similar to those when a static compensator was used.

Therefore, it is evident that, firsily, control of the ac voltage
at a dc terminal by means of a static vAr compensating equipment, without
increasing system short circuit ratio, is feasibïe and, secondly, the
usual type of dc terminar contror, i.e. constant extinction angre contror
with basica'lly constant dc voltage, does not give a reasonable performance,
in the short-term duty, for an interconnected weak ac system. These two
aspects are deart with in the next two sections respectiveìy.

3'3 Appìicatio!,of rhyristor controted Reactors at

extensive effort was devoted to investigate the extent to
whÍch static vAr compensating systems (including thyristor controlled
reactors) can affect the overat system behaviour when appried at the
terminals of HVDC schet.J'(inctuding muïtiterminal) in practical networks.

Because of the generarized nature and rarge size of the probrem,
a compìete large scare road frow and transient stabitity program was
developed.to rn" unique features of this digitar program inc.rude:
(a) HVDC systems:

- A general model to simulate two and multi-terminal schemes with
parailer converter stations connected in any configuration,

- ability to simulate diode rectifiers and non-converter dc buses
(with dc loads or generations),

, , i:: -.+; :
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- independent terminaÏ controls (for both rectifiers and inverters)
for; constant dc current, constant dc power or constant firing
(or extinction) angle modes,

- variety of pole controllers to enhance ac system performance such

as frequency damping and ac voltage controls,

- a generalized master controller with the flexibÍlity to simulate
extra special transfer functions,

- provisions for dc power or current order changes, blocking,
deblockíng and automatic simulation of long_term commutation

failures and recovery from them.

(b) Static VAr Compensating Systems:

- saturated reactors with, or without, transient effects of slope
correcting capaci tors,

- transductors with dc controiled saturation,

- thyrÍstor phase controlled reactors,

- thyristor switched capacitor banks.

(c) Synchronous Alternators Systems:

- classical machine model,

- transient machine model,

- standard and static exciters, voltage regulators and stabilizers,
- hydraulic turbines and standard steam turbinêS and goyernors.

(d) System SolutÍon:

- loads are represented by a combination of constant impedance and

current sources while synchronous machines and static compensators

are represented as constant current sources to avoid increasing
number of unknown variables]0I' to'



- sparsity techniques to reduce

calculations.81r I os' 106

r10

storage and increase efficiency of

'ne 
version of the program is currentry used by Manitoba Hydro

ElectrÍc Board and Furnas power utirity in Brazir. A summary and a
mathematÍcal background of the program are incruded in Appendix A.

For a rarge system modeì representing the MApp power poor with
an acldc hybrid transmission rink tÍeing the areas of Manitoba, North
Dakota and Nebraska (rrrANDANl'u, shown in Figure 3.11, various vAr compen-
sation schemes were studied- Figures 3.12 and 3;13 show respectivery
the ac voltage at the ac/dc interconnecting point at Fargo and a machine
rotor angle in North Dakota for a 3_cycle, 3-phase fault in North Dakota
cleared by tripping an ac rine to Fargo. The resurts in Figures 3.r2
and 3'13 ctearly demonstrate the positive effects a thyristor controlled
reactor can have to maintain system vortage (of a system with row shortcírcuit ratio) and to damp system oscillations

For a three-terminar dc arternative (shown in Figure 3.14),
simi'lar resurts were obtained as shown in Figures 3.15 and 3.16.

3.4

The asynchronous nature of the dc rink does not appreciabty
increase the faurt rever of the ac system to whÍch it is.onn..tedl'
Moreover, the dc converter with different types of contror poricies can
have important effects on an ac system performan...u"uu

It is relatively easy to design controls for a dc link connected
to a strong ac system. t^Jhen the tink real and reactive powers are small
compared to those of the ac system, the link operation and maloperation
due to, for exampìe, dc line faults, load rejection or commutatÍon fail_
ure will have small effect on the ac system and in turno ac system dis-
turbances caused by the dc link are not simu'ltaneously reflected back on

ri.ßi.:i,!ri:, :-:-l:,i:¿.i-;-l;; t/:; i j.r,'.a:,

:",;::::l
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the dc 'link 
operation .67-71 

I 15

Problems are encountered increasing'ly as the short circuit ratio
is reduced.5s

One of the ideas most often put forth is to enhance the perform-
ance and to improve damping the osciilations of an ac system by modifying
the power of the HvDC terminar in response to changes in various para_
meters of the interconnected ac network, such as frequency and phase

angle at a certain ¡u31-td*,.. parameters such as pou,er through a tie
system or the angìe across

such a line may be used in certain situationrSu

However this action can be extended to control also
power frow and consequenty the ac vortage adjacent to the
A HVDC converter, which can be .looked at as a huge static
or, absorbs reactive power according to:

Qd = lpdl ran q

when

Vd = Va cos O in p.u.

Therefore by changing the dc voltage, the reactive power demand of the dc
converter can be highly affected (as was shown in Figure 3.5).

A study was carried out to investigate the possibÍrity of such a
new method of ac vo]tage control via advancing the firing (or extinctÍon)
angìe' as welì as damping system oscillations via dc current modulation
of a HVDC terminar at an ac bus with murtiple dc Ínfeed.

For the system shown in Figure 3.17, the main principle for
controllíng the Dorsey ac vortage is based upon using the MANDAN dc Dorsey
rectifier as the dc voltage controlling (rather than dc current controll-
ing) terminal, i.e. with mïnimum deìay angre dnin under steady_state

the reactive

dc terminul 1o

VAr compensat-



n6
operation, and the firing angìe o (and consequenily the dc vortage)
changing according to the ac bus voltage under transient conditions.
Generally thís control action is quite simi'lar to a thyristor controlled
reactor static VAr compensation system. Also, this fast control is local
and does not depend on the terecormunication channels since the dc
current (controlled by the other terminals) can remain unchanged. How_
ever' it should be pointed out that thÍs contror method is only effective
as rong as the HVDC converter is free from any faurts or cormutation
failures. In the event of a dc fault, commutation failure or complete
blocking an external vAr controller may stilt be required as was dÍscussed
previ ous ly.

Four different contror strategies were examined for the Dorsey
MANDAN dc termina'r (of Figure 3.r7) ¡n a case when dc Bpl ís permanenry
bl ocked:

i' conventionar constant dc vortage and no frequency damping,
ii. conventionar constant dc vortage and frequency dampinn u.rrnn

on dc current, - -

iii. variable dc voltage and no frequency damping,

iv" variabre dc vortage and frequency damping acting on dc current.
For the conventionar mode of operation (cases i and ii) ttre

Dorsey rectifier deray angre a is adjusted in order to keep the dc
cu*ent equal to the cu*ent order, whích can change if frequency dgmping
control is used, whire the dc vortage is kept .rrrr.r, * ;;.=;;erdon
inverter terminar (Figure 3.18)- However, for the variabre dc vortage
contror strategy (case ïií) the Dorsey rectifier dera¡r angre a ìs ad_
vanced - causing a temporary dc vortage reduction - in order to maintain
the ac rms vortage during the swing white the dc current Ís controred
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BP1 BP2

MANITOBA

Dorsey

NCRTH DA K OTA
Fa rgo
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NE BRASKA

Figure 3.17 A B-TerminøI HVDC ølternøtiue for MANDAN
Trønsrnission schetne
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by the sheldon inverter (Figure 3.19). For case (Ív) the same strategy
Ís employed at Dorsey but with an additional frequency damping control
appliec on the dc current order of the sheldon terminal via telecommuni-
cation channels.

FÍgure 3.20 shows the ac rms vortage at Dorsey foilowing the
blocking of BP1 for control strategies (i) to (iv). The fast control of
the dynamic vortage is evident for cases (iir¡ and (iv) whereas a case
of sustained overvortages can occur when the conventionar frequency
damping contror (ii¡ is used. Figure 3.2r. shows the rotor angle of a

machine at Dorsey. The reactive power absorbed by the Dorsey MANDAN

terminal is shown in Figure 3.22 whereas the dc power, dc vortage and

firing angìe are shown in Figures 3.23, 3.24 and 3.25 respectively. It
is worth noting that better dampinq of system frequency oscillatÍon can

be achieved if dc current modulation is used, besides the ac voltage
control (as in case iv), even with a high telecommunication time ìag of
up to 0'5 second. If dc current moduration is used, instead, with con-
ventional constant dc vortage contror (as in case ii) a serious dynamic
overvoltage situation can arise unless more reactive po!,rer compensators
are employed.

3.5 Concl usions

(1) ApptÍcation of a thyristor controtled static vAr compensator at a

dc converter terminal in a two or multi-terminal scheme provides a

relíable and economical aìternative to the synchronous compensator.
(2) Without increasíng the short circuit ratio, a static vAr compensator

can improve short-term voltage regulation characteristics of a dc

converter connected to a weak ac system



123(3) If synchronous compensators, aiready exist at a HVDC converter, a
static compensator can avoid their instabirity on account of a dc
lcad rejection.

(4) A temporary operation of a trouble free HVDC termina'l under variable
dc vortage controì strategy, through a fast acting rocar firing (or
extinction) angle controller, is feasible to limit ac dynamic over-
voì tages

:.--:tr -:':'
,- .;;: ::: ..

) .:-.-:.:
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APPLICATION OF THYRISTOR CONTROLLED REACTOR SYSTEMS

hIITH SUPER CONDUCTING GENERATORS

4.L Introduction

r, he state of current activities in the development of prototypes

, of superconducting-field alternators and the interest in their analyti-
'r cal investigations suggest quite cìearìy that this new breed of alter-

I nators would be operational in the near future in sizes bigger than the
biggest turbo-alternators available as of now. It is likely that the
first few units commissioned would lie in the 1-3 Gl,ú range, but it
appears reasonable to think that much bigger sizes would be seriously

Quite apart from the novelty of the internal designs of the
superconducting alternators, there are features of their dynamic perform-
ance which differ great'ly from their conventional counterparts. gne such

' feature, which is of prime Ínterest for this investigation, stems from
the application of a superconducting field winding. The novel field
winding has a negìigible resistance and therefore its fieìd time constant
is exceptionarìy rarge. It ríes typicaì.ry in the range of 300-g00 s.

ji
, Therefore' there is at fírst the question of incorþorating features which -

would ensure a good voìtage regu'ration performance. The imprication of
this statement is that the excitation voìtage ceiling must be raísed 

igross'ly if fierd current must be changed rapidry in spite of the rarge
fie'ld time constant. Increasing the'rimits of excitation voìtage, by a ;j:j



125few tens to hundreds of times, in ítserf may not pose a serious enough
problem from the insulation point of view. However, high vatues ofditldt may not be acceptabte for the superconducting fietd system.
LimÍts on the excitation vortage, thus imposed, may not guarantee asatisfactory dynamic performance. Further, the fast changes in thefie'ld current are also influenced by coupled electrica.l cïrcuits formed
by the damping and screening shields of the machine. Hence fietd forcing
by ìarger vo'rtage ceÍring does not appear to be a simp.re matter.

An arternative approach to,ensure the same end effects obtained
by fast fierd excitation changes, is adopted by proposing a fast actingthyristor controìred static reactive pov,,er compensato, .Jnn..r.o .a ,n.
terminars of the superconductíng a.,ternator. ïn this scheme the fierd

.j:,.:ri:-:: :l*er 
suppTied wirh a fixed vorrase or beter srirr by asìmprer conventionar type regulator which takes care of onty major steadystate field current adjustments.

As a matter of interest, this superconducting machíne system hasa close anarogy to an HVDC terminar. For both rvrt.,ir, 
";rr;r;ìonar vn.controls (synchronous compensator in case of a, HVDC termÍnar and fierdforcing in case of a superconducting machine) cannot provide a fast meansof changing the reactive power reveJ at the terminars. The apprication

of static vAr compensator at the terminars of either system provides asatisfactory solution

albeit

Chapter

sys tern.

From system point of vÍew the studies for both systems are simirar
responses are different. The HvDC system has been investigated in
3 while this chapter is devoted to the superconducting machine



1264.2 S.vstem Under Stud.v

Figure 4.1 shows the system under study in which a superconduct_
ing aliernator having separate screening and damping shÍeìds is connected
through a transformer and a transmission line to an infilrite bus. The
alternator Ís modeiled by park's equations using rumped parameters. The
skin effect in the shields and other conductors is ignored. In addition,
the shierds and fierd system are regarded to form a rigid mechanicaì
system on the shaft.83-86

In order to evaruate the technicar merits of the new proposar,
the following studies have been camied out:
(a) load rejection performance,

(b) small signaì dynamic stabirity and eigenvarue anarysis,
(c) ìarge signal transient stabiìity.
For load rejection studies a local load has been connected at the machine
terminal bus.

In all the studies the machÍne performance with either internal
field forcing control or external control by a static compensator at its
terminals was investigated. It has general.ly been found that the alter-
nator has better performance when a static compensator is used at its
terminal bus.

For fierd forcing studies the generator is regarded to be equipped
with an excitation controrler, the vortage timits of which can be preset.
For the investigations of the proposed alternative, of a static compen_
sator at the terminals of the alternator, the range of control.led
reactive power flow from the compensator has been, where necessary,
offset by connecting a capacitor bank in paratet with the controred
reactor.

li::,. ::.' :'i:r:i'"1::: :12ì

:j :;. .-]:.:
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Figure 4.1 Super_conducting rnøchine system
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to incorporate auxiliary stabilizÍng
in order to make meaningful compari_

similar stabitizing signals are

aïternator with two fixed

It has been relativeìy easy
signals in the compensator. Hence,

son wi¿h the field forcing technique
aiso incorporated in its controller.

4.3 Mathematical Modelling

4.3.1 Super Conductihg Alternator
Basic equations of the superconducting

shield, u.., tt

'd=+
v

-0J
üJ

o

,(r)
u)

o

*q-Ruid

q=d *d-Ruiq

= pvf*Rfif

= PVsd * Rrd i.¿

"f

0

(+. r)
Q=Dv'sq

o _ pvpd

Q=Dv'pq

+R isq 'sq

* Rp¿ ip¿

+R ipq 'pq

Flux linkages in (+.1) are represented
reactances by (4.2) and (+.S¡.

in terms of machine curyents and
ii::':r'i :.::;l:l
r r:-l-::ìi::ija:. r1:

i '' .:.¡.1-'.':.:.'l
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Y
sq

v
pq

where X^ï

-xd

-X
md

-xmd

-X
md

-X
q

-X
mq

-X
mq

x2._md-ç-q r

,,2
^Ã._m0

x .-x ."oo
alternator is

vd

u,,f

vsd

tod

X
md

xr

X
m0

X
s

X
s

X
s

X
md

X
p

X
s

X
p lil

l*l

u.z)

V
q

(4.3)

(4.4)

(+.s)

U.a)

i-;.!::.:.--:.

1.. :- :.1

X
m

X
s

X
p

X
s

X
p

mg

X
s

X
s

x2.v-md"s-qry'xo
Electromagnatic torque produced by the

Ï. noto-*qfo

and.the swing equation of the alternator is
p6 = (r-ro)

andp' = H{rr-r.)

4.3.2 StatÍc Compensator

The hanmonics generated by the compensator are ignored assumingthat they are filtered satisfactorily and that the firters do not affect
the system performance. In fact the biasing capacitor connected inparallel with the controiled reactor courd be an integrar part of a
double tuned filter which is predominanty capacitive at power frequency.
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XT

Figure 4.2 Thy ris tor-contro lled reøctor mnd,el

As shown in Figure 4.2, the controlled
an inertíaless voltage source E, behind a fixed
tude of E.,. is controlled but it always stays in
bus voltage V, and is given by

Er=CV.,.

where

6 = 2o - lin 2o (from Eq. 2.43)

and o is the firing angle of thyristors.
A singte time constant and gain is used

contror system of the thyristors. The varue of
of the terminal voltage and frequency;

Pq = {oo-a+l(o[(vref-vr) + K" (r-ro)J]lro
where

0sc¿sn

and oois obtained by solving equation (4.t0) for
Q, absorbed by the reactor

2oo - sin Zao = Zn{l - St
vT'

reactor is

reactance

phase with

represented by

XT. The magni-

the terminal

Q.t)

(+. e¡

to represent the firing
a is obtained as a function

a given reactive power

(+. g)

(+. to)
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The tie rine,rocar ìoad, controiled reactor and capacitor argebraic
equations are:

ed = Vb sin 6 - a X. (io-ieL-i"q_i.q) 
.,, ,,

(4' 11)tq = vbcos6-ü 
xe(id-idl-ird_icd)

where compensator currents are. '.,..
::':

. .:,.ird = ?(1-c)þ; .,,
'xT' 1 1:

r^ e.iro = -#(1_c)f ;

û) e Ø'12)
icd = -ff t

ûJ e.
i=odcq ,x.

Compensator termínaì voltage is:

/-_;_--:-.
vT= /"02*"12 

(4.13)

From (4.11) and (+.tz)

"d = VÅsino-9 Xl(i_,o .''q - iql)

( 4.14)

"q = vtcoqo+fr xå(id_idl)
where

Vú = ub/c', Xå = X"/C,

and

c'= l+(r-c¡,, t (4.1s)



4.3.3 Governor

For the investigation of
5 s tinre constant is used for the

any stabilizing signals, in order
actíon of the proposed scheme.

132

al ì cases presented here a governor of
superconducting al ternator, wí thout
to establish effectr,vely the damping

û)

pr=zfr{Tm-Te

case
X

e-r
c

Equation (+.0) is therefore modified to

+^TÌ
m-

=*,*n,*þ,-arrÌ
where

p¿T'm

4.3.4

For

stabilizing

is therefore

field forcing studies, a voltage regulator with an
signal is considered as shown in Figure 4.3. Field
governed by the equation;

pVt - {vto vf + Ket(V..t-vt) + Kw.(ur - ,o) )}/r"

(4.16)

(+.n¡

auxi I iary

vol tage

(+. re)

and in this

Ct = l in Eqn. (q.ts)

4.3.5

By substÍtuting eO and eO from Equation (4.14) and flux linkages
from Equations (4.2 & 4.3) into machine equation (4.1) an¿ neglecting theresistances and pvo and pvo terms, as is usuar for such stuoiell the frux
linkage equations of the super conducting alternator system can be written
as:
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0

Ptf

Pvsd

P*p¿

DV'sq

DV'pq

where,

0

-r(Xo+Xå )

0
t,

-rXmd -rXmd -.Xmd 0þr*o*r¿t

t,
I

I
0

-xttf

0

O rXmq ,Xrq

0

X
D

tp

'ovÉ

0

X

-_åts

0

k
tf

0

0

isd

ipa

4.1e)X

- _-p_ o
T

p

X

-sts0

sq

pg

v, = .r{ff)
f

vú¿ = v[ sin o + t] xå iqr
@.zo)

andvio=vfcosr-ü xåi¿

'ther 
differentÍat equations of system components are given separatery

Ín Equarions (4.5), (+.s¡, (4.16), (+.U¡ and (4.18).
For rarge disturbances, the system differentiaì equations are

solved simuÏtaneously using the 4th order Runge-Kutta numericar techniqueto yield new values of machine rotor ftux tinkages, ô, &), c or Vf andoTr. Stator flux linkages are caïculated Oy urJrring,

üJandv =- oo
I r¡"d

vd=þ.û)q
G.zr,)
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lvhere terminal voltage components eo and eq are calculated from Equation
(4.r4) using the previous va'rues of stator current.

' New values of rotor cuffents are then calculated using the inverse

I ""';:::,ïï::;,';,';:::',,'.il;ll 
;ï il;l]; .r s,a,.r curren, 

i"

components' Machine electrical torque and terminal vo1tage are then

f 
computed using Equations (4.q) and 4.13) respectively. 1,,,,;,,.;,

' 
't-tt'

4.3.5 
.,,j,-,,,

, . er¡rqr r Jlg'Ot lvlu{Igl 
i:;:,,,.i The state equations of the above non-ìÍnear system are organized

in the form:
:

* = f(x) ,¡ ¡^\ :

I ' rre';;." r ínpar^izarr ¡har,* th ^^^.^-¿i-- . 
(q'zz) 

lwhich are then rinearized about an operating point giving l

¿Í=A¡x 
(3.23

The linearized state equation matrix A is given in Equation (q.es) f

^x 
= {^6 .Âur av, Avsd 

^vpd 
onrq o*pq aï,n ry}T Ø.24)

: whgrg .1.,,r,.

.. ,,

Ay = Acr Ín the case of static compensator and .,.,...r,
:.-.:.::-

^y 
= oVf Ín the case of, fÍeld forcing.

l.-'.i:ì;.i:
:.:rÌ:i:i -':.,.:rr'
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The constants of the small signal model

V.'
D--DOo1=-gfsinoo

II

*- = 
(vÅo totuo**å ido) (l-cos2cro)"z-5--;-:-

R ---(t¿o-xåi¿o)u3----

" -xåxmdD4 - 
çrd-811

contained in matrix A are,

X'
e

ç

where,

Btt

Ft

Fz

tr-t4-

where

tr
' 11

X'=1+rþ-

^ -vdotl-qÌ-¡-*tdo

cz=-(d9r-+ino)

Vl coso
-Lro

Ftt

(vl sino
-uô - *å too) ,l-cos2a- x:(_ 

"__j) 
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Dr=B"e: -F.er.r I qo .1 -do

Do = B" el- - F" e-1 * 
(v¿o tåo -voo 

"åo)¿ J qo .3 "do ,o

Ds = 84 .åo

D4=-F4.åo

D5 = 82 tqo - Fe 
"åo

where,

.åo=l¿o,.åo=þ
vTo vTo

For thyri stor control 'led 
scheme;

S1 =C1F2*CZBZ

s, = o'o

53 = 82 Xmd/xd",

54 = FZ Xmq/Xq"'

SS = - KoDr/to

56=-Ko(D2-Kw)/to

S, = - KD^/,, (,J 0,

Sg = - KoD4/ro

S9=-(*oou*l)lto
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For field forcing scheme;

sl =o

S, = XrlXrO

53=SO=0.0

55=-K.Dllr.

56=_K. (or- Kw.)/t"

SZ=-K.D3l..

Sg=_K.D4lr.

59 = - I.0/r"

Al so

B, = 0.0, F, = 0.0

4.3.1 S.vstem parameters

The values of various system parameters considered in the studies
are:

A'lternator

Xd = Ois, Xå = 0.3, Xj = 0.25, Xä' = 0.15,a11 in p.u.

tf = 390, tpd = tpq = 2.0r rsd = rrq = 0.5,all in s.

H = 3.0 s

V.ref = VTo = 1.0

xg = xd'*ü = xå'xö = xi and xi'= xå,
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Transformer

*t" = 0.1b p.u.

IfqUs¡ission Line

*tL = 0.216 p.u.

o. =*tr**tL=0.366

Th.vri stor control I ed Reactor

XT = 1.8 or 0. Z p.u. ,

.o = 0.05s, Ko = 20.0

Biasing Capacitor

X. =2or 4p.u.

Governor

Kf, = 20.0, rh = 5.0s

Voltage Regulator (for field forcing)

K. = 600.0, re = 0.05s

4.4 Load Rejection Study

In this study the machine is assumed to be operating, under
normal operating conditions, at given vaìues of rear and reactive power
with a local load at its terminals. A load rejection is simulated by setting
components of load current to zero.

A sudden loss of a ìagging power factor load of (O.O + j0.7) p.u.
at the generator terminals has been simulated for the case when the
generator was overexcited (o.s + j0.g) p.u. The resurting overvoltages
of thís severe condition, as shown in Figure 4 .4, is characterized by
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an almost ínstantaneous rise at the instant of load rejection followed
by a more gradual risål-ult using conventionaì field forcing technior.S"-'u
(either with a límited ceilÍng voìtage of t 20.0 p.u. or unlimited
ceiling voltage) it takes more than 4.0 seconds to damp voltage oscilla-
tions and to bring terminar vortage deviation crose to 3%. However, the
thyristor controlred reactor brings down the terminar vortage to its
initiat rms varue of 1.0 p.u. from the dynamíc overvortage varue of
r.rz p.u. within a time ress than 0.2 seconds. If a constant fierd
voltage, with no voltage regulation, is assumedn the terminal voltage in
this case stays at a steady vaìue of 1.10 p.u.

Figures 4.5" 4.6 and 4.7 show, respectively, the dynamic response
of the generator with regard to speed deviatiorì at¡ rad/secr p.u. fierd
voltage v, and the p.u. reactive power Qr of the thyristor controrìed
reactor. From Figure 4.5 it is observed that there is hardry any
difference in the rotor speed deviation for ail cases wÍthout a static
compensatoF, whire there is an improvement in the response when the
thyristor controiler is provided with a supprementary stabirizing signal
(Kw = 0.1).

4.5

Two basic cases are examined for the stabirity performance
the superconducting al ternator:
(1) Emptoyins Fiet¿ rorctfiä,tån¿

(2) Emptoying a static compensator at the terminars?o Th" case of
alternator with neither control, that is operating on constant
voltage, is triviar and hence not considered any further. For

of

an

field

both
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above modes of operation, cases are examined when a stabitizing
signal is and is not emproyed. The iever of stabiìizing signaî
used in the study has not been optimized because the prime concern
here is to evaluate, on a comparative basis, the superiority of ari
operating mode. However, in some results influence of the changes

in the stabiìizing signal gain is demonstrated

The eigenva'rues of Matrix A (Equation 4.zs )are carcurated for
certain system parameters at the particular operatíng point. Figures
4'8 and 4'9 show the dominant eigenvalues (with positive imaginary part)
in the complex s-pìane for a variety of combinations of the time constants
of the screening (primary) and damping (secondary) shields. The results
of Figures 4.8 (a) and 4.9 (a) show clearly that when no stabilizing
signaì is used regions of distinct instabitity exist for very high vaìues
ofr.,as well as for combinations of very low values of t, with very high
values of to' These extremes have to be avoided. comparing these results
with Figures 4"8 (b) and 4.9 (b) show a general improvement in the dynamic
stabi ì i ty.

The resurts of Figures 4.g and 4.9 are for a ìagging road condi_
tion of 0.8 + j0.6 p.u. on the generator. It has been found that the
eigenvalues are not highly sensitive to variations in the reactive power

ì oadi ng.

Figures 4.10 (a) and 4.10 (b) have been drawn to show quite
cìearìy the damping effect of the apprication of a static compensator.
The results in form are similar to those presented by Lawrenson et al87
and should be useful for the designer of the alternator while choosing
the time constants of the shierds. If a static compensator is to be
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employed at the terminals of the atternator a considerable flexibility
in choosing the time constants of the shields exists especialty consïden-
ing the requined damping" This may assist greatly in incorporating good

screening. A comparison of Figures 4.10 (b) and 4.10 (c) shows that by

increasing the gain (Kw) of the stabilizing signal a significant improve-
ment is not likely to contÍnue indefinitely with the increasing vaìues
of Kw.

Figures 4.11 show the dynamic response (¡o vs time) predicted by

the results of small signal anaìysis for a step change of 0.04 rad in
the machine load angle (o). In Figure 4.11 (a) tne tíme constants of
the shields (to 0.5 s, r, = 0.2 s) are chosen in a feasibìe range

providing near maximum damping associated with reasonably good screening.
comparisons of traces 1 with 2 and 3 with 4 show clearly the influence
of additional damping signar for each of the two - nameìy fierd forcing
and external static compensator controls. Comparison of trace Z with 3

shows that with the same level of stabilizing signal static compensator

provides better damping and a higher frequency of oscirìatÍon thereby
ensuring that the oscil'lation disappear faster.

since for load rejection resurts screen time constant of to = 2.0
and t. = 0'5 s were used comparisons such as offered by the results of
Figure 4.11 (a) are made in Figure 4.11 (b). The influence of the size
of static compensator was also studied by choosing different values of
xT. As would be expected it was confirmed that a higher compensator

rating would be more effective in enhancing the stabiìity. The si ze of
the compensator is therefore a case for an optimization stud¡¿, influenced
by inherent damping avai.lable from the alternator, desired system damping

and the compensator cost.
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4.6

For the transient stabiìity study of the superconducting arter_
nator a 3-phase fault was applied at the sending end of the transmission
line' In order to have an adequate severÍty of the disturbance the fault
was creared after 0.10 s. In this section onry the resurts for a ragging
p.f. transmitted power of (0.g + j0.6) prior to the fault, are presented.
For these resurts screen time constants of r- = 2.0s and r^ = 0.5 s areP - -"-'s
used.

Figure 4'12 shows the varÍatÍon of rotor angle ô with time for a
number of operating conditions. It is to be noted that fierd forcing
alone provides a very poor dampíng and when a stabirizíng signar is
ihcorporated in the excitation system the excursions in the fietd current
are rather high (Figure 4'13) with the possibility of unacceptabte values
of di ,/dt- In comparison when a static compensator is emproyed at the
terminals of the arternator with the same stabirizing signar, damping is
far superior with or without the application of a capacitor in parailer
with the contro'Hed reactor. Figure 4.14 shows the total p.u. MVAr
supplied by the compensator. The capacitor rating if chosen comparabre
to the reactoro as in one set of results (Xc = Z p.u., X1 = L.B p.u.),
permits reactive power variation in principarìy positive (capacitive)
direction as compared to only negative (inductive) obtaíned without the
capacitor. None of these options are optimum. By choosing xc = 4.0 p.u.
reactive power variatÍon in both directions, almost equally, is possible.
since in this case a rÍmited sÍze of static compensator is chosen, which
is reasonable from cost considerations, the compensator operates in a
bang-bang mode. FÍgure 4.r2 also shows a highry damped performance when

i..._j-f 
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a very 'large 
compensator is used which may be hard

grounds.

ì59

to justify on economic

Figure 4'15 is included to show the Ìnfluence on terminal voìtage
during and subsequent to the fault. Examine the case, where a controlled
reactor is emproyed (x, = 1.9) but without a shunt capacitor. ïhe vortage
variation is least in this case because the compensator now provides the
highest level of react'ive power absorption capabitity. Other resurts
can be easily interpreted in a similar way.

4.7 Concl usions

(1) Application of a thyristor controlled reactor vAr compensator at
the terminals of a superconducting alternator provides an attractíve
alternative to the field forcing technique which must otherwise be

employed to control its djrnamic performance.

(2) Auxiliary stabirizing signars can be easily incorporated in the
static compensator controt circuit which greaily improve the damp_

ing and stabirizing aspects of the ärternator performance.
(3) Static compensators provide an external control and damping for the

superconducting alternator and hence permit a greater freedom in
the inherent design by alìowing, for exampìe, a better screening
at the cost of a poorer damping.

(4) Fíe]d forcing technique provides basically an internal control and

therefore may interfere with the screening requirement and may thus
have to be constrained

(5) since the suitabirity of static compensators at
superconducting alternators has been shown for

the terminals of

controlìing voltage

:iì'l'

¡!i li.:
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during ìoad rejection as welì it appears to offer an overall good

engineering sol ution.

(6) t^lhen the rating of the static vAr compensator is ìimited to a

smaller value (for economic considerations) it operates primariìy
in bang-bang control mode and therefore in place of a continuous
controller a switching controller with fixed inductor and capacitor
compenent is feasible.
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chøpter fiue

MAJ'R 
''NTRIBUT',NS 

,;,.,,:,,,,,,¡,

The major contributÍons achieved in this thesis are as follows:
l' A generaì concept for thyristor phase controlled reactors is developed

which provides a whore neh, range of attractive arternatives to the ¡,.:.,,;,:¡.,¡.,,

existing designs. The novelty of the proposed design arises from l''t",':tu

the considerable savings that can be achieved on account of i f.,r-.,,r'..
(a) reduction of harmonfcs generated,

(b)possibilityofcomp1eteìyavoidingtheneedformanyharrnonic

fi I ters, and 
i

I(c) reduction of thyristor varves overcurrent stresses due to 
f

transient overvoltages. 
i

2' A general analysis is devetoped and simple algebraic expressions are ;'
Iobtained for the currents and voltages of various components of i ,

thyristor phase controlled reactors under different operating values
.., r-: ;..: i,., i...::., .

'l "tii,-1..'...,'.Ì..

of control angle cl' 
'':.:':';:":: :'';ì'3' The feasibility of using static methods for reactive power control i...,1,..r;',,1.

(thyrtstor controlled reactors or dc converter control) is demonst-
rated to enhance the performance of a weak ac system .onn.át.d to
a HVDC terminal ' 

;":'i'"''r"':':'''i"4' The application of a thyristor controlled reactor at the terminals iir.tì;lilifiì:i'ii{

a superconducting generator is proposed and fu.lly analysed.
5' A ìarge scare road frow and transient stability digitaì program is

developed with unique features for simulation of multiterminal HVDC

,';;¡,¡',,.:¡-:='.i1;i'schemes and static VAr compensators and for ac/dc network soìution. ii,.:..,:i::,,..:j,;,:,".
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1' Studying the infiuence of copper losses and non-characteristic
harmonics generation, of the proposed thyrïstor controlled reactor,
on the selection of an optimum design.

2- Investigating the feasibirity of using an economicar bang_bang vAr
controrìer at the terminars of a HVDC converter or a superconduct_
ing generator.

3. Expansion of the transient stabirity program to incrude the sub_
transient response of a HvDC scheme (of any configuration) under
various dc fault condÍtions
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Appendíx A

POhIER SYSTEM DIGITAL S]MULATION PROGRAM ::.....:...

(A Load Frow and rransient stabirity program for power systems

with llurti-Termina] HVDC schemes and statíc vAr compensators)

,t.ttt'.4.1 General u,.t :

, ,.:,:¡:;.:. -:Because of the economic and technicar advantages offered by i,r:,,:.:,,::

HVDC and static vAr compensation facilities in the future expansion of
poWersystems,theiradequaterepresentation,besidesothernormaìly

iused components, in road frow and transíent stabirity programs is of ¡
I

"

great vaì ue

In ail avairabte transient stabirity programs, the sorution of 
i

HVDC networks - usually limited to two terminal schemes - is performed i

)alternateìy with the ac system solutioil"fro*.ver, such a method does 
,

not guarantee, in some critícal cases, the convergence of the overall
system solution' The reason behind this is that the solution is depend - :,,,,;i.,1;:

;',..; .;1.-.:1.ent upon system conditions, i.e. a Targe number of iteratÍons would be a':,:i:
expected for solution of a weak ac system under or post fault conditions. 

: '

A non converged sorution can occur when the system Ís marginaily stabre.
Two methods of solution techniques can overcome this problem. 

:::,t:,.:,,,:;:,:.it,,l
i:':r :::iì,:;':'.1. -i

A direct inclusion of HVDC schemes model into the ac system equations f'¡,':'¡:i,i*,

to form a combined Newton's acldc sorution is one metho¿?o The other is
a direct solution of the ac system with the HVDC schemes treated as
non-lÍnear roads at their acldc interconnectÍng points
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Both methods are adopted in this program. The former method

forms the basis for one version whiìe the latter is used in a large scale
version due to its high efficiency. The flow chart in Figure A.1 des_
cribes the generaì arrangement for the stabitity portion of the program.

A.2

A general model is used for HVDC schemes in either two or multi-
termÍnal operationSt-tt

Three types of dc buses are identified: rectifiers, inverters
or non-converter dc buses. Input data for rectifiers and inverters
include minimum and maximum set varues for firing, or extinction, angre
(o1mtn) and u(ru*¡)'

For each dc bus, the facirity for steady state contror exists
with three optionr, tu'9t

- constant dc voltage control (category ,k, bus) 
;

- constant dc current control (category ,1, bus)

- constant dc power control (category 'm, bus)

Input data for these controls include the desired or setting value,
i 'e' vd(set) and o(set) = u{rrn¡, Id(set) or pd(set) respectively.

A dìode rectifÍer wilt be of category ,k, with e)1rin)=o(max)=o'

During steady-state simulation (load flow), Newton,s method is utilized
to solve the equations representing any HvDC scheme in the form:

F=A¡X 
(A.1)

where F is the residual vector and ¿x is the change in the dc variables:

^X 
= IAId ¡Vd Acose AT 

^OlT (A.Z¡
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where o is the firing angle for a rectifier or the extinction angle for
an inverter and

ó = ran-l (ad/fPdl )

Residual vector F depends upon the mode of contror as foilows: (using
same p.u. dc system equatíons of section 3.2 and Reference Ig71¡.

Control
Mode k I m

Const. dc power

Res i
F

Fc

Ft

Fp

Fv

Fg

Const. dc Voltage Const. dc Current

coso(set) - cose 
l ror"^*r - Id

vd(,.t¡ - va lr.;;;;rcos€
I 
:;;'Yq 

' 'ruusu(min)

Vd - VaTN cos6

Vd - VaTN coso + Rc Id

XIG] Vd . Id

Pd(set) - Pd

0.97VaTNcoso ,

-vd 
(mlnJ

(n. s¡

l

(n.+¡ 
f

(n.s¡ 
i

(n.o) 
i

(4.7) j

Assuming the conductance matrix IGI to contain the foìlowing sub_matrices:
9k, k 9k,l 9k,,

9l,k 9r,j 9r,,

9t,k 9*,.¡ 9*,,

lcl =
(A. a)

Subscripts k,r or m denote the category of a dc bus. To avoid compìi_
cations arising from the existance of zero diagonal elements in matrix A
of Equation (A.1), the foìrowing step-by-step sorution is deveroped to
calculate elements of 

^X.
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^vdk

^Idk

^Idk

Avdl

Ftr,

Ftr

-1 9k, r 9k,,

o 9r,r 9r,,

o n*,r (9r,,*p¿ lua2\m' m'

-1
-¡9k

_p9t

9k,k

9r,k

Ftr.

Ftr. * Ftr
Avd

m -¡9m 9m,k Ftk + Fcm/vd

For terminals of category 'k,:

^coso=Fc

^T = (Fv + Ft - Va TN Fc + ps ¡Id)/VaN cos 0

and 
^+ = - (Fp + rt + (rp_vd) ATlT)/vaTN sin q

For dc buses of category ,m,:

^Id = FclVd - pd AVd/Vdz

For terminals of category '1, or ,m,:

¡T = (¿Vd + 0.gl Rc ¡Id _ Ft)/0.97 VaN cos 0, I
(mt nJ

^ 
cos e = (Fv + ¿Vd + Rc ¿Id - VaN cos o ¡T)/Vaf¡¡

and a6 = -(Fp + Ft + (Fp-vd) tT/T)luatN sin E

The dc variables x are then modified by ¡x and used as initial values for
next iteration untir F approaches very smat varue. At the end of each
dc iteration, however, viorations for the upper and rower rimits of con_
verter transformer taps T and firing or extinction angles o are co*ected.

For transient stability simulation, each terminal in a HVDC

scheme, win operate in either a constant current ld(set) or a constant
angle e(set) mode according to íts operating constraints and ac voìtage
condition' In this case, the converter transformers taps are considered

:r i..:\i,,,i.:._-r.
;:]:r,:-lt' r-,:ij.:. .l. i
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to be fixed at their steady state values. The

and Fg in A.3 to A.7 still hold for categories
The step-by-step solution of dc variables ¿X is

^coso= Fak

a Id., = F.l

t6B

equations for Fc, Fp, Fv

k and I with Ft = 0.0.

then given by:

+ (VaTN Fc

* Ftl

For terminals 'of category ,1, 
:

A cos o = (Fv + pqp. + 
^Vd)/VafruFor dc buses of category ,k, 

:

¡Id = Fg+¡tGlAVd

For all terminals:

^0
= -(Fp+¿vd)/varru sin ç

Two possibre contror strategies, with their operating constraints, are
accommodated for HVDC systern representati0n; namely, current_margin and
limiting-voìtage contro'l methods, through rocar terminar contrors overseen
by a centraì controller. Each dc terminaì, except one predetermined
terminaì ìn every HvDC scheme assigned as a non-power controlred station
is provided' Índependentìy, with various poìe controllers to enhance the
ac system performance. DC power modulation, through changing dc current
order setting, is provided for frequency damping whire reactive power
absorbed by the dc terminal can also be modifíed, through fÍring or
extinction angìe, to contror the ac vortage. power order moduration at
the non-power controljed terminal is provided vja remote control through
any other terminai in the dc scheme.

^vdk I f n*,k *l/R.k ek,l

^',dr j [n,,o er,] l1f::;,
- Fv)or*.* 

]

::r:,.;
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A functional diagram of various local and central controllers is
shown in Figure (A.2).

Provisions for dc pov,rer order changes, brocking, debìocking and

simulation of tong term commutation failure and recovery from it are
included in dc system dynamics. The deblocking (or starting) process is
taken care of through the transfer function of power order, whereas

simulation of recovery from commutation failure assumes a fast dc voìtage
recovery and a ramp dc current over a preset period.

4.3

A unified model is used for alì types of static vAr compensating

systems. The moder, as shown in Figure A.3, is an inertiaress source, of
controlled voltage magnitude E behind a fixed reactance xr. E is always

in phase with terminal voltage vr. Different parameters of the model

depend upon the specific type of static compensator as follows:
- lalurated Reactorr,'

x, = reactance of the saturated reactor (plus its step up tranformer
leakage if any)

Vcont = V.,

Vref = knee voltage of the saturated reactor E
o

K = L/ (1 - Xclxs)

T, = Tcc

Tr=KTcc

-1, = IO = T

ho = 0.0

a=o'o
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A=vr(l-sisn(k))
g=-VcpXr/X.

f(h)=VT*h forh>B

or

r(h) = Eo

where;

xc = reactance of the srope co*ecting series capacitor
T.. = an approximate slope correction time .lag

vcp = sìope correcting capacitor protection vortage rever.
No auxiìiary signals or any other external controllers are permitted with
saturated reactors.

- transductors

x, = eQuivalent total transient reactance of the fuìly saturated
reactors

Vcont = ac voltage of controlled bus

Vref = desired ac voltage of controlled bus

k, T1, TZ, T, and TO = parameters of dc current controlîer

Tc = time ìag of the dc control winding

A=2n

B = 0.0

ho = initiat saturation level

f(h) = v, (zr - h + sin (h))/2r

- 
ormer Reactors

for h<B

Model parameters are given in Section Z.B.
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.

X, = total reactance of all capac.itor banks

Vcont = ac voltage of controlled bus

Vref = desired ac voltage of contro.lled bus

k, T1, TZ, T, and TO = parameters of controller

A = 1.0

B=0.0

ho = ínitiar fraction of connected capacítor banks to the total
number of banks M

f(h) = Vt(l + Mh/M) (for discrete control)

4.4 S.vnchronous Machines Model

Thesubtransientmode]ofroundrotormacninesisusedasa
;generalmodelofwhichothertypesofmachinemode]s(subtransient

salient-pole, transient and crassicar) are considered speciaì .ur.r?9 i 
:

Machine saturatíon is also contained withín the machine modeles'100 
l

Different types of exciters moders with or without stabitizers as wert r,.,;:.,,j,,..,,,:

as governor models (hydraulic or steam turbines) are provided for every ' ,"1,':'

synchronous machi ng. ,',,,..,.,,l¡,r,,,:

4.5 S.vstem Sol ution

For the version where ac system is sorved by Newton,s method,B'
the ac system of equations is in the form:103,104

f^ol_lrt rzlloo I
[ 

^o J 
- þr ,o J fou.ruuJ

where JL, Jz, J3 and J4 are erements of the Jacobian matrix and ¿p and
¿Q are residues of rear and reactive power at each bus. The dc system
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of equations, given in Section 4.1, are modified to take into account
the change in the ac voltage va. The dc equations are then directìy
incìuded in ac system to give the combined Newton,s sorution for the
integrated ac/dc system in the form;

f ^o'l_ l.,, ,;l þ, I

[^o'./ 
= þ, ,;-J 

l^u.,u.J
where the convergence of ¿p' and aQ' guarantees the convergence of both
ac and dc systems.

The modifications to the residual vector and Jacobian matrix
elements of the ac buses (i,i, ...) interconnected to the dc converters
(k,1, ...) wÍth current margin control strategy are:

APi' = ÂpÍ-Vd Is + fd Fg

AQi' = aQi-Qd Is/Id + Fe Fg + Fb Fp

J2'(i,i) = J2(i,i) + (Fdk G,(k,k)-1 * vdo)ao

J2'(i,i) = J2(i,i) + Fdt c'(k,l )-1 u.¡

J4'(i,i) = J4(i,t) + Qdo(1-ct2¡+1Qd/Id + Fe G,(k,k)-t)ut

J4'(i,j) = J4(i,j,) + Fek G'(k,l)-1 al

where,

Cf = cosQ, Ct = cose

Fb = Qd/TV Cf(1-Cf2)

FP = Vd.TV Cf

For a constant current mode converter , l' :

Is = Id(set)

Fd = Idra=0.0
Fe = -Fb+Qd/Vd
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For a constant angle mode converter ,k.:

Cs = cose (set)

Is = -(Vd-TV Cs)/nc

Fd = Id_VdlRc

Fe = -Fb+Qd(l/Vd_IdlRc)

a = TV CtlRc

G,(k,k) = G(k,k) + t/Rct

For the dc network:

Fg = -[c,]-1 (Is-tclvd)

At the end of each iteration the dc converters mode of operation
is determined according to their operatíng constraints and the ac voltage.

For the other version of the program where the ac system is
otttlfl{rso'lved bv invertins the admiuance mar¡i'i-t..Î3trn bi-racrorizaríon
method) the dc system is considered as a non-rinear road at the inter-
connecting ac buses. The rear and reactÍve power of this equivarent
non-linear road depends on the mode of operation of eacrr terminar and
are calcurated directìy a,s fo'nows (using same terminorogy):

cos 0k = cos e(set)

t/Rck 9k,l

9l ,l

-1

] [;,- 
'o'uo'*'n 

]
current control:For

Idt = Id(set)

ftool fno,o 
*

l',,.J=l n,,o

terminals 'l ,

coso=(Vd+

terminals ,k'

Id = ¡[G] Vd

with constant

Rc Id)/VaTN

with constant

:..:..t-Y..ì

For angle control
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176for terminals 'k' and ,l'
cos0=vdlvaTN

Pd =VdId

QU = fpdftan I

4.6 Computer Appl ication

This program has been written in Fortran IV for execution
370 computer system. The execution time is ïinearry dependent on
size of the system being anaryzed. For a given system the program
takes approximatery 50% execution cpu time as compared to programs
ing Gauss-Sidel solutfon techniques.

on IBM

the

general ìy

empl oy-
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