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' Commutati on reactance i nfi uences many aspects of

HVDC systems. This thesis is primarì1y concerned with

sholvi ng hovl the optimum range of commutatíon reactance can

be determj ned based on rel i abl e val ve operati on and I ow

capi ta1 equ'i pment and operati ng cos ts and hovr the resul ti ng

reactance in the commutating circuit affects the HVDC system.

ABSTRACT

Arcback requirements of mercury are valve rectifjers

and dc faul t currents for thyri stor val ves are s holvn to

determine the minimum commutation reactance al lov¡able. Both

are limited by reactance in the c0mmutating circuit. Reactive

pcWer and regul atj on requi rements as wel I as hi gher equ'i pment

ratings are shown to I imjt the maximurn commutation reactance.

1'l

0nce the commutatjon reactance for a partjcular scheme

.iS determ'ined, its effect on system operation is consìdered.

Generati ng uncharacterj sti c harmoni cs due to unbal anced

reactances in the commutatìng circuit is discussed as well as

the need for compensat'i ng commutati on reactance common to

several i nverters.
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HVDC technology has deveìoped considerably in recent

decades and today l-IVDC transmi ss'ion s chemes are i n operati on

as vi abl e al ternati ves to AC transm'i ss i on ' Much t^rork has been

done to sol ve the many techni cal probl ems assoc'i ated w j th thi s

rel ati vel Y new techno 1 ogY '

Chapter I

T NTRODUCT i ON

Recti fi cati on, i nversi on, reacti ve power requi rements,

harmonic generation, apparatus and converter control are S0me

of the numerous areas v¿hich have required.analys'i s in

devel opi ng successful HVDC system desi gns '

An i mportant aspect whi ch i s common to al I these

a.reas of study of tIVDC sys tems 'i s commutati on reactance ' Man¡t

:technical papers have been rvritten on various aspects related

to l.lvDC design and operatjon; hourever' none deal directly

wi th the many effects of commutati on reactance on HVDC systems

Thi s thesi s attempts to correl ate and present a unì fi ed

treatment of commutation reactance to shotv its varied and cornplex

.i nf I uence on di rect current system t.echnol ogy. Thi s thesi s and

the attached bjbl'iography point out areas t^rhere the consideration

of comnlutation reactance 'i s important'



HVDC converter equations are based on necessary

assumptions which simpìify the derivatìon of these equations.

Chapter iI introduces the basic converter equations based on

these assumptions. The effect of reactance in the commutating

cÍrcuit is included tiy defining the commutation over'l ap angle

and show'ing its relati onship to the commutation reactance.

In concl usìon, there is a discussion of the assumptions used

to derive the equations and theír va'l idity.

Since both mercury arc and thyristor valves are

temperature sensitive, the current which they may be required

to conduct transientìy must be limiteci. This duty is performed

by the reactance in the commutatìng circuit. It is shown that

a fin'ite commutatìon reactance is necessary and the crjteria
for determi ni ng the I ower commutati on reactance I imi t i s

expl ai ned based on thyri stor and mercury arc val ve thermal

req u i remen ts .

2

Commutation reactance common to a number of inverter

bridges operating in series on the dc side causes interaction

betv¡een the val ve groups. The need to compensate and excl ude

any common reactance from the respective commutating circuits
'i s dj scussed i n Chapter IV. The effects of operati ng under

thi s condi tion and nossi bl e comÞensat'i on schemes are i I I ustrated



The effect of commutat'ion reactance on characteristìc current

harmonìc maEnitudes'is shown. Conditjons necessary for

Generatjon of harnronics is considered in Chapter V.

uncharacteristic current harmonic generation and in particular,

the effect of unba.l anced phase reactance on uncharacteri sti c

current harmoni cs Ís exami ned.

Regulation and the relationship between the commutating

reactance and the converter transformer ratì ng, reacti ve povJer

requi rement and tap range i s consi dered i n Chapter VI. A sampl e

cal cul ation i s done to demonstrate how these parameters can be

determined anci rvhy a minjmum converter transformer leakage

reactance compati bl e wi th val ve requi rements shoul d be chosen"

J

The fi nal chapter exami nes the rol e of maior system

components i n the successful operation of HVDC converters and

their contribution to the commutation reactance.

As rvell, Appendix I

meâsurement and cal cul ation

operati ng HVDC converters.

of osci 1 1 ograms to determi ne

substi tuted i nto mathemati ca

results.

proposes two methods for the

of the commutati on reactance of

Both methods are based on the use

parameter tral ues r,lhì ch are then

I express i ons to yi e1 d the requi red



In recognition of the increasing use of sol id state

thyri stor val ves, compari sons are nlade throughout thj s thes i s

betlveen thyristor and mercury arc valves.

+



To attenrpt a study of an HVDC system, it i s necessary

to be acquainted with the basic equatíons governing converter

operation. Equations have been derived by Adamson and
12?Hingorani'o cory', and Kimbark' to s'impf ify the understanding

of the operati on of an HVDC system.

BASIC CONVERTER EOUATIONS

Chapter iI

in this chapteru the equations rvhich represent the

effect of reactance i n the commutati ng cj rcui t of the

converter vrí I I be cons i dered.

References I, 2, and 3 make the foi lovring assumptions

deri vi ng the bas i c converter equati ons and these apply toin

the equations given in this chapter:

i ) constant dc output

ii)

i.e. , i nfi ni te i nductance ( smoothi ng reactor )

on the dc side,

ìnipedance at the ac bus suppìyìng the converter

transformer and the dc converter i s zero,

the rectifying element is an ideal short circuit
¡¡hen conducti ng and an i deal open ci rcui t when

not conducting,

the magnetization adnlittance and serjes resistance

rrl/

iv)



v)

Further, two practical considerations must also be

included. The mercury arc valves or thyrìstors used in practical

HVDC i nstal I ati ons can be control I ed up to the po'i nt where each

begins to conduct. This israccompljshed by the applÍcation of

a negat'ive bias signa'l to the grid of a rflercury arc valt'e Or to

the gate of a thyrìstor. l,Jhen conduction does occur' duè to the

transformer reactance, it is not possible'to Ínitiate an

i nstantaneous rate of change of current"

of the converter transformer

si nusoi dal and bal anced three

voltages at the suPPiY Po'int

, The assumptions prov'ide the basis for the derivation

o.f HVDC converter equations.

j s negl ected,

Ã

phase vJave

to the dc collverter.

II.1

Fj gure 2-I shovls a t,vye connected transformer secondary,

six valves comprisjng the rectifier, the valve currents and the

output voltage for a rectjfier operating w'i th a finite firing

angle and finite transformer leakage reactance.

Rectifier Equations

l>.

The equation for the dc output current of this rectifier
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1z

'3

in

1-

a)

j6

0utput vol tâgê, b) val ve currents, and
rectj fì er for condj ti on of fi ni te del ay

commutati on overl ap angl e

b)

^l

a)
c)
and

Fi gure 2-I:



whe re

I. =
o

fãrt"m - phase to phase peak voltage supp'lying the
rectifier -

{¡L - leakage r.eactance of "'the-converter transformer'
q - fìring (delaY) angle

u - commutati on overl aP angl e

The dc 0utput current is related to the totaj ac rms
phase current by

lr - I-L -d /ztt (l-3Y(cr,u)) (2-2)

'ßE m

2t¡L
[.ot s - cos ('+u¡ I

bJh e re

which is applicable when finite comrnutation reactance is being considered.

The factor ñ-3V@ can be evaiuated for a partìcular c¿ and u from

Y (o,u) = ,I
rlT 

L

figure 3..|9 on page 46

Equation (2.2) reduces

I

I
sin u (Z+cos (2o+u) ) - u (1 + ? cos e cos (a+u) ) 

|

(cos cr, - cos (cr+u) )' I

(2.1)

r, = ã73 I¿

0 = u = oo.for

The

0f

to

reference l.

average dc output voìtage ìs given by

where

v¿=b
2

[.ota*cos 
('+,¡]

(2.3)

(2.4)



Vo - average dc no load voltage and is
ac supp I y vo i tage by

^ãFJ1lJh-
tr-mto - 

Tr

The drop in the dc power from vold to v¿Io is the resurt
of a iagging power factor on the ac sìde due to the effects of
the de'lay and commutation over'l ap angles.

The Pol'ter

on the ac and dc

À = cos ó = nuo to

3EmIL

Substituting (2.2)" (2.

factor can be

sides resulting

9

rel ated to the

The converter

ac vo'l tage and current

s i tuation corresponcls

and current are the hi
(2 ¡l

À = cos

eval uated by

in

?
tJ

Y 9r
Lll

(2.5)

4), and (2.5) jnto (2.6) yields

equati ng real povrer

cos G + cos(o.+u)

1-3Y(a,u

transformer rating ìs based on the maxintum

lvhich the converter can handle. This

to operation at o = u = o0 since the voltage
ghest as seen from equations (2.3) and

(2. 6)

I q :\
\L. tl



The correspondi ng rati ng i s found from (2-3 ) and

(2.5) and is

MVAT =

From equati ons

MVAT =

Know'i ng the

in per unit and its
found.

,/3 ELiL

(2.2) and
t,

ä "oF.L

^r--m
=- a
(2 ¿\
\L. 

¡ ¡/,

I

.'dF.L.

Il

transf ormer rat'ing '
rel ati ons hi p to the

10

0n the converter

at f ul I

wher. Zb

nc

I oad

oL
a

-b

base ìmpedônce =

transformer base

the commutatì on reactance

other parameters can be

Using thìs

(2.1) yie'l

xc

oL Ærr i'.
c = - .Z-EL

relation, FÊarrangíng and substituting

ds

(2.8)

.2tL

From equati on (2

terms of the commutati on

MVAT

= cos d, - cos (cr+p )

2u-rl I, - ,

*./ < F
¡'¡ I . L .

l0), the commutatjon over'lap angle in
reaciance i s known f or a g'iven val ue

i nto equati on

(2.e)

(2.10)



of o. Hor^Íever, it should

(2.10) are exact onlY when

II.2 Inverter Equations

Variat'ion of the delay angle causes the

voltage to vary over the rangu Vo to zero' For

the clel ay angi es con s i dered vary from 0o to 90o.

be noted that equati ons

rated quantìties are co

For de1 ay angi es beyond 900, the dc output vo1 tage

becomeS negati ve. HoweVer e the di rect current cannot change

direction because of the uni-directional property of the

i nvers i on el ements. Therefore, for val ues of c greater than

9,00, the dc power! VAIO, becomes negative and rather than

s.upplying por^ler to the dc system, the inverter renloves pol/Jer

f rom the dc system and suppl j es the ac system. Thi s 'is the

basic principle governing the operat'ion of a dc inverter'

fl

(2.e) and

nsiCered.

dc output

a rectj fi er,

i nvers

req u'i r

possib

transf

S

i on

eme

'1 ^

0rm

i nce i n

elemen

nt for

without

er.

ver

t(
an

si on resul ts from the

val ve or thYri stor )

ac supplY is evident.

ac supPlY to energi zean

delay of fjring the

beyond 900, the

Inversion is not

the converter



The equatjon

/3t

wh ere

Id

Y 1S

valve which 'i

É'ls

and y

2oL

for the dc current of

( cos y- cos ß)
m

the de-ionization

s commutating out

the advance angle

F'igure 2-Z shows the

and output current. As wel I

I?

the inverter is

angle necessary

to de-ionize,

of firing which

The dc
l/v^

v
vÅ"z

output

f"

II.3

i nverter bri dge, phase vol tages

it defÍnes the angleS u, yand ß

to alìow the

( 2. 1 1)

The precedi ng equati ons I'rere based on the f i ve

assumptions listed on page 5 In actual l-IVDC systems, these

assumptions may not prove to be comp'l etely accurate.

vol tage

ß + cos

Vaj i di ty of Assumpti ons

incl udes u

of the inverter is given by

-lYl
-l

(2. L 2)
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Figure 2-2: Inverter phase vol tages and output current.
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The fol 1 owi ng

assumPt'ions and tl'reir

i)

sections discuss the validity of these

effect on the accuracy of the equati ons

constant dc outPut

i , ê. infi ni te i nductance

on the dc side.

The dc vo

reactor h

A six pul

of order

of these

firing an

dc voltag

( referen

listed ab

harmoni cs

1n

'l tage on

as some

se recti
6, 72, 1

harmoni c

gle, as

€¡ are 4

ce 1 ) r

ove. It
are of

(smoothing

the converter s i de of the I i ne

rì ppi e as shown i n fi gure 2-I.

fi er produces harmonic vol tages

B, 24, etc'. The magni tude

s at zero cornmutation and

a percentage of the average

.04, 0.99, 0.44, and 0.25

especti velY f or the harmon'ics

shoul d be noted that these

small magnjtude.

reactance )

To see the effect of the smoothing reactor and dc

filters on these harmonics consider the circuit

shown in f ìgure 2-3. To s'implify the explanatÍon

ass ume that the i nput vo1 tage i s a combi naÙi on

of a dc component and a si xth harnlonì c component,

and can be expressed as A + B cos 6tut' As wel I ,

the dc fi I ter s hov¡n i s tuned for the s i xth



I
tt
tin

I

smoothì ng
react0r

1f

Figure Z-3: Circuit

react0r

used to shoht effect

and dc filtens on dc

of dc smoothí

output.

ng



harmoni c.

The output vo1 tage

can be r¡lritten as

vout
72

( actual dc

7t + 72

7z

16

where

7, - i mpedan ce of
L

7n - 6th harmoni c
L

vin

7L*zz

jine vo'l tage

/\I

At zero frequency ( for

smoothj ng reactor imPed

the filter imPedance is

series capacitor. The

7z

7t*72

cos 6ot

smooth í ng reactor

fìlter impedance.

rearranged to

(2. i3 )

di re

ance

infi

cu rrent.

ct curr

(zt) is
ni te du

72

At the sixth harmonj c frequencY

react.or inrpedance is large rvhil

impedance (22) aPProaches zero.

1
L

----z;
1+ t

7
¿̂

term

ent

zer

eto
a^n

\ +ho

o and

the

be

and ì s uni tY for di rect

vr*72

e

the smooth i ng

the f i I ter
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therefore approaches zero.

The smooth'i ng

and if the fil

to approach zero.

reactor i mpedance

ter ìs not ideal,

As a

vout

result,

T7

anci the dc line

dc component.

(1)A + (0)B cos 6ot

^

is very large
72

forces
7r*72

Si nce the clc vol tage i s smooth and the transmi ss ion

l'i ne el ements are I'i near, the dc curreni i s al so

smooth.

vol tage consi sts onlY of a

The prececlì'ng devel opment can be extended to the

other dc voltage harmonics. Howevere dc filters

are general'ly used to filter the 6th and 72th

harmonics nhich are of the highest magnitude. The

higher orcler harmonics for wh'ich filters are not

provi ded are pass ed through i nt.o the dc l'ine.

However, due to thei r smal I magni tudes, thei r



presence is insignjficant.

11J ì mpeciance at the âc bus supplY i ng the dc

converter i s zero

i.e. ac system has infinite capacity

The effect of assuming an infinite bus at the

supply poìnt to the dc converter is that the ac

system does not affect the converter operati on.

The commutation reactance is simply the converter

transformer reactance on1Y.

18

This situation is approached in actual HVDC

systems when harmoni c sel f-tuned fi I ters are

used. 'lhe source of sinusoìdal vol tage becomes

the ac fi I ter bus and the ac system reactance

does not affect the commutati on reactance '

iij) rectifier is an ideal short circuit when

conducti ng and an

conduct'i ng.

Normal HVDC

load have a

50 vol ts.

ideal open circuit v¡hen not

mercury arc valt,es operating at full

fonward voltage drop of approximately

This drop is less than I% of a typical



hi gh vo1 tage converter bri dge vol tage rati ng

and neg'l ecti ng i t does not al ter the resul ts.

In h'i gh vo'l tage vêl ves, arc drop i s practi'ca11y

constant for all loads and nray be taken into

account as a I oad dependent res j stance i n seri es

vrith the valve if a more cietailed representation

i s requi red.

The assumption of the converter element be'ing

an ideal open circuit results ìn the neglect of

the reverse leakage current. Howevere a typica'l

leakage current is in the order of millìamperes

and does not contri bute s i gni fi cantly to ful I

load current.

79

The fi gures for thyri s tors are general I y of the

same order al though the power I oss i n a thyri stor

bridge isslightjy greater than that for a mercury

arc brìdge.

iv) magneti zatì

transformer

The excjting

is usual'ly I

on and res i s tance of

i s negì ected

current ín a ìarge pot/er transformer

ess than 57; of the full load current"

the converter



Thí s smal I percentage does not af f ect the vo'l tage

regLt'l at.ion of the ac system. use of the i dea'l

transformer turns ratio is not affected'

The wi ndi ng resj stance of 1 arge povler transformers

isoftheorderofl%-2%ofthetransformer
leakage reactance. It can be considered in the

calculatjon of the dc parameters but its'inclusion

aiso has an ínsignificant effect'

v)

20

sì nusoi dal and bal anced 30 'vo1 tages at the

dc supply point

The effect of assum'ing a balanced 3o sinusoidaj

supp'ly voitage js to prov'i de equal conduction

oeriods for each valve.

In actual sYstems '

di s torti on of the

the control s must

conditions.

s'l ight unbalance and

supply vo1 tage i s exPected and

be capab'l e of adi ust'i ng to these



A tYPì ca1 HVDC sYstem wi th

end systems is shot^¿n in fìgure 3-1.

vari ations of thi s bas i c scheme i n

the maiority of HVDC schemes are of

Chapter iII

coMl'ruTAT I0N RtACIÀIqL

Converter val ves have two states: on and off' þlhen a

valve begìns to conduct the current increases from zero to the

operati ng va'l ue but due to the reactance i n the commutati ng

circuit, the increase cannot be instantaneous. conlmutation

reactance i s that reactance di rect'ly taki ng part i n the operatj on

of the valve group and ìs defined as "the I'eactance betv¡een

the val ve gr0up ancl the Source of fundamental ac vol tâ9Ê" '

In figure 3-1, referring to the sending end system'

the f j I ter bus i s cons'idered the f undamental vol tage source

for the dc systemo since the lovr ìmpedance of the filters to

harmonics resuits in an essentìa1'ly sinusoidal voltage on the

f i I ter bus, part'i cul ar'ly t'rhen sel f -tuned f i I ters are used '

In this caSe, the commutatjon reactance excludes all system

reactances beyond the fjlters and consjsts only of the converter

transfornler I eakage reactance and the anode reactors i f these

are present.

27

i ts send'i ng and recei vi ng

Al though there are manY

use ol^ under cons i derati on '

this basic tYPe.



Generation AC Transmission

Figure 3-1: Typical HVDC transmission system show'ing
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A simi I ar analysì s of the recei vi ng end system can

also be made although in the case of figure 3-1, the simple

result js complicated by the use of the synchronous condel'lser

on the tertì ary of the converter transformer.

the commutation reactance

reactance ' the ac transmi ss j on I i n

and the s ubtrans i ent reactance ( X

synchronous condensers are used i n

thei r subtrans'ient reactance must

In the case r¿lhere

0 nce the requi red dc current and vo1 tage magni tudes

a,re determined for the dc scheme, the mjnimum commutation neactance

must be determined. For mercury arc rectifiers, this commutation

îeactance must be sufficient to Iimit tire rate of change of current

at current zero to prescribed lim'its and also jimit possible

arcback current magnitudes. For solicl state thyristor converters,

the commutat'ion reactance must be sufficient to I imit dc sìde

faul t currents. These aspects are consi dered i n the foì 1 ovri ng

sections

ac filters ane not included,

i ncl udes the converter transformer

2?,

e re
"d )

the

also

actance

of the generators. If
ac system for var suPPort,

be "i ncl uded.
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F.igure 3.2 sholvs the current j n one val ve duri ng

the conduction period. At the erìd of the conduction

Limitin

peri od, that i s, at po'i nt A, the current becomes

zero. At thi s poi nt, the rate of change of current

must be r,¡ithin an allowable limit prescribed by the

valve designer. The limit'ing parameter is the c0mmutation

reactance. The h'i gher the commutati on reactance ' the I ower

di A consequence of too great a current deri vati ve i s val ve

AT
fai I ure due to arcback.

the Current Derivative and Arcbacl<

The

di
aT-

t^lhere

24

rate of
gst
xc

X c -coinnrutati

a*U = enci Of

change of current can be cal cul ated from

' (3.1)'L' sin(c+u)

III"

The derivatjon of equation (3.1)

þlh en

comtnutati on

the reverse

on reactance

commutati on

arcback occurs, a vajve tlhich

and has nega.tive voltage on the

clj rectì on ( cat,hode to anode ) .

in p.u.

Ís given in APPendix

has compl eted

anode conducts 'i n

Thi s type of faul t



Fi gure 3-2: val ve current s howi ng poi nt at lvhi ch current
becomes zeì^o at the end of the commutation period

(rectifier).

25
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i s preval ent i n recti fi ers wh i ch have negatí ve vo1 tage on the

anode for 2400.

Fi gure 3-3 shov¡s the ci rcui t condj ti ons duri ng an

arcback. Assuming valve t has completed commutation with valve

2 and has arced-back, it js Seen that a short circujt exists on

transformer phases a and b Si nce the vol tage on rectì fi er

valves rema'i ns negative for 24'00, short cjrcuit currents may

attai n val ues greater than 10 times the normal ful I - I oad current

and rectifier blocking is essential.

A I arge short ci rcui t current .uur., a 1 arge temperature

rise i n the val ve and may resul t 'i n permanent damage. The

limiting parameter is the transfornrer w'i nding leakage reactance.

If thjs were origina'l 1y desìgned for a low va'l ue, serious

consequences may resul t shoul ci an arcback occur.

¿o

A f urther ef f ect of thi s short ci rcu'i t current i s the

resulting force on the transformer wind'ings. The large cL¡rrents

i nvol ved cause axi al forces on the transformer wj ndi ngs and care

must be taken to ensure adequate construction and braci ng.

0therwise, the v¡ind'i ngs may shift in the tank with respect to

the core position and affect the normal operation of the unit.



Serrera I

of valves invol

i)

types of arcback may

ved and how the arcba

successf ul, vlhere onl

These are the arcback

conductj ng i n the for

and 2 respectiveìY in

i s termi nated when th

is blocked.

parti al ly successf u'l ,

conductj ng val ves are

conduction each, but

go to zero.

1ìJ

occur, dependj ng on the number

ck i s termi nated. These are:

y tv¡o valves are involved.

valve and the valve

v¡ard di recti on ( val ves 1

fi gure 3- 3 ) . The arcback

e f orward conduct'ing val ve

27

iii)

The type of arcback generaliy desìgned for.i s the

condítion known as "partial ly successful" .

unsuccessful bl ockì ng, where the two forward

conducti ng val ves are unabl e to bl ock.

Fi gure 3- 3 shorvs the recti fi er, phase voì tages and

valve currents du¡ing the arcback. At cut=a*U, valve I has

commutated out. If at thjs tìme, since it now has negative

voltage on the anode with respect to the cathode, it arcs back

a short cjrcuit exjsts on transformer phases a and b The

dr.ivi ng vol tage i s the di f f erence betureeo êa and eb.

r,¡here the ttuo forvlard

jnvolved for one Períod of

are bl ocked as theì r currents



(l)t=o

2B

Fìgure 3-3: Circuii
current

conditions,

for arcback

phase voltages and arcback

involving valves 1 and 2

:4în?:--:



lrlhen the arcback occurs, the non-conducti ng val ves are

blocked and the bypass valve de-blocked. At c,.rt=90o, the

voltages across valve 6 and the bypass valve are equal and

commutati on between the two begì ns. At the end of th i s

commutation period, valve 6 is blocked and only va'l'ves 1, 2

and 7 conduct.

The arcback current i s determi ned by the dri vi ng

potential (.b - ea ) and the reactances in phases a and b.

The current through valve 2 is given by

29

and after i ntegrati on

diz 
=

dt

1 ( e" - e.
2LDA

where ( eO - ea ) = /3 E* sin ¿¡t

l^
L

-Æ E*

2wL

Substituting
L_

üJL

the constani

oL = reactance in each

cOS r¡t + c

the boundary condi

cyt-U , iZ = Id

of i ntegrati on i s

phase supplying the arcback.

tion that at



and hence,

,2

c=
ÆE*

2uL

DifferentjatinS iZ lvith respect to t¡t and equating the

resul ti ng express i on to zero, i ndi cates that the maximum val ue

of i Z occurs at ¿,-rt = 1800. At thi s poi nt, the arcback current

magn'i tude begi ns to decrease and reaches zero at of = 360o - c¿.

cos (e+u) + Id

/3 t,n

2wL [.rt 
(o+u) - cot ,.] + Id

30

The maximum arcback current is given by the expression

. /3 E*
1z = 

-
2uL

.However, Xa =

and, substituting, thi

T

; -'dF.L.,2 - 
x

f-

[.,,

ZuL I¿

/3 EmF

( cx+ir ) +

whìch at full load

I

. ûr.L,) Y- ,.c

trl

.1.

--t
Irl¿l
I
I

-l

s expressjon y'ieìds

+ I,
o

t.r, (c,+u) + t ] + Id

be conles

f
I
I' ll +

L
cos (o+u )

(2.s)

+ x. ]



Let K =
I
li +

L

K I,
0

,tc
lô

L

cos ("+u )

Fot" typical values of s, u and Xc, K is of the order 1.9

HouleVers in the calculation, the commutation reactance WaS

assumed equai to the arcback reactance. In actual cases the pea.k

arcback current20 i, given more closeìy by

trl

+ -.]

where

Iab (peak)

31

= 
* too.,-.

xab

I, -=,rated valve group current if there ìs moreur.L.
than one valve grouP Per Pole

Xab= rated reactance between the vol tage source

(generation) and the valve group (per unit)

( = consta nt dependi ng on the arcback cond i ti on ,

cj rcuj t connectì on and X/R rati o of the arcback

impedance and is typical'ly equaj to I.94 for

part'ia1'ly successful blocking.

There are 5 cases to be cons j dered v¡hen choos j ng the

correct commutation reactance to lìm'i t arcback currents. These

can be grouped accordjng t0 the type of ac system to which they

(3"2)
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Strong AC System

i) with filters
i j ) wi thout fi I ters

l,lea k AC Sys tem

i) with filters
i i ) wi thout fj I ters - I ow reactance case

i i i ) wi thout fi I ters - hi gh reactance case

In thÍs context a strong ac system is definedlT u, one

where the system short circuit capacity at the point of connect'ion

to the converter is very much larger than the converter MVA

rating" A vreak ac system is defined as one where the system short

circuit capacity at the point of connection to the converter .i 
s

comparable io the converter station MVA ratinq.

are connected.

Case 1-'i ) can be represented by the circuit in figure 3-4.

The arcback reactance j s gi ven by

Xab = X, + X. (3.3)

where the per unjt system reactance on the transformer base is

xr=å vold/s

i.

2.

g = short circu it capacity of the system in MVA

ä \'o Id = þlVAb = transformer tr1VA rati ng



Figure 3-4: Equi val ent ci rcui t
filters ( X. = XT

33

of ac

)

system t¡ith

Figure 3-5: Equivalent

f i I ters (

circuit of ac

Y =v +Y 
)"c "s "T

s ys tem wÍ tho ut



Substituting equatjon (3.2)

the commutation reactance X" y'ie1ds

which gives the minimum commutation

I imi t the arcback current.

X
c = 

* tor.,-

Iab

filters in th'i s

fundamental ac

Case 1-ii

is given by

l=

where

xs

jnto (s.s)

) is
eÀJet

f¡no

5+

ca

vol

and soìving for

shown in Figure 3-5. Since there are no

the point Et is not the source of

. As a res ul t. the commutati on reactance

reactance necessary to

The arcback reactance

VJ-V^s ¡ ^T

MVA,
DY,ts

v-v-vr'ab - ^c - ^s

Case 2- i ) can be represented by Fi gure 3-4. In thi

case, the commutation reactance X., 'is chosen to satisfy the

I imi tati on on the current deri vati ve. S'i nce the system

reactance i s qui te hi gh, the mi nimum arcbacl< reactance i s

inevitably sur'passed and only the arcback current need be

'ts

+

then

XT



calculated. The arcback reactance is gìven by

Xab = X, + X.

Hov¿eVer, because the system reactance can be qui te hÍgh '

ts can be considerably higher than El and a load flovr should be

clone to determi ne i ts val ue. Knowì ng the vo'l tage behi nd

reactance and the arcback reactance ' the arcback current can be

determi ned.

case 2-ii) js a d'i fficult case to design for, since the

commutation reactance r¡lhich is comprised of the system reactance

p1 us the c0nVerter transformer reactance i s equal to the arcback

reactance.

J5

The commutation reactance must be small enough that

double commutation does not occur' yet the arcback reactance

must be large enough that the arcback current ljmit is not

exceeded. This condition may be dj ffjcult to satisfy

simultaneous'ly in an economi c manner'

In the context of case 2-i'i i ) , h j gh reactance j ndi cates

a reactance large enough to cause double commutation' This case

has not yet been appliecl to a dc transmjss'i on schenle and is very

dìfficult to study ana'lyticajly.



TTT .2

Thyristors are more temperature sensitive than mercury

arc valves. If subjected to excessive teniperatureso they will
be destroved.

Limi ti nq D. C. Si de Faul t Current

For thi s reason, the maximum current a thyri stor may

be requjred to conduct under a fault condition must be known.

Several papers 1B ' 19 hat,e been wri tten regardi ng the faul t
currents in thyristor valves. Since thyrìstors are destroyed jf

current is conducied in the reverse d.irecLion, no phenomenon

equivajent to arcback in mercury arc valves need be considered

wi th respect to thyri stors.

result in high through-vaive currents. i\rith respect

rectifiers, the ttto tJorst fault Ïocations are shown

3-6.

JO

These fault conditions are:

i ) across the bri dge termj nal s at the commencement

However, faults on the dc side can

Faul ts beyond the smooth'i ng reactor are much I ower i n

magni tude due to the I arge smoothi ng reactance.

1't J

of commutati on between trvo val ves.

across a. valve which has completed commutation.

to thYri stor

in figure
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Figure 3-6: Rectifier"

dc f aul ts

a valve

bri

a)

dge shorvìng locat'ion

across the bri dge, b )

of trvo worst

across
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If immedjate blocking of non-conducting valves is

assumed, the f au'l t current is a sing'le uni-d jrectional pulse

wi th a peak nagni tude i n the order of 10 p. u.

s i s the case v¡i th arcback, the I imi ti ng parameter

i s the ci rcu i t reactance.

F'igures 3-7 and 3-B show the faul t current magnitude

as functi ons of the commutati on reactance for the case where

a system of infinite short circu'i t capac'i ty is supp'lying the

rectif ier. Appendix II g'i ves the derivat'ion of the app'l icable

equations used in determinjng these curves.

, Aithough the fault of case ii) results in the h'igher

thyristor fault current, as compared to case i ), under cert,ain
'

,system condi ti ons, the reverse may be true.

40

Case i) involves

sjnce the fault is appli

the I imi ti ng reactance i

system reactance is excl

Case i i ) does not i nvol ve a commutati on and can be

compared to the arcback cases d j scussed previous'ly. As a resul t,

a commutation. during the fau'l t interval

ed as commutatjon commences. As a result,
s only the comnìut.ation reactance. The

uded i f sel f-tuned fi 1 ters are used.



the system reactance must be i ncl uded i n the faul t current

calculation. As a result, if the system reactance is significant,

the thyrjstor current during this fault may be less than the

corres pondi ng current for case i ) .

Hence both condi ti ons s houl d be s tudi ed when eval uati ng

the hi ghest thyri stor faul t current magni tude'

41



EFFECT OF REACTA¡]CE ON INVERTER OPERATION

Cons i deri ng the operati on of an i nverter, i t has been

mentioned that after compìetion of conduction by a va1ve, a

peri od of tìme durj ng whi ch a negati ve anode-cathode vo1 tage

exjsts across the valve'is necessary for de-ionization of the vaive.

0therlvise, if the anode to cathode voltage becomes positive before

complete de-ionization occurs and grid control takes effect, the

val ve rvi I I conduct.

Chapter IV

To reduce i nverter Var requi rement, the de- i onj zati on

angle is normally as smalj as reljable jnverter operation wj11

alIorv. Hotiever, under certain conditions, when a number of

inverters are operat'ing jn serjes and part of the commutation

reactance is common to all 'i nverters, it may be djfficult to

maintain an adequate de-ionization angle.

42

Thi s chapter exami nes the ci rcui t condj ti ons whi ch may

cause this dìfficulty, the effect on the operation of the

j nverters and di scusses a number of methods of el imi nat'ing thi

cottdition.

Fìgure

ac side of arì

4- 1 s hot+s the three

nverter and the t,ol

phase voìtages exis

tage across valve 6.

ting on the

As can be
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<-ß->

F'igure 4-l: Phase voltages and

for an i nv erter .

vo'l tage acros s val ve 6



seen, the period of time corresponding to negative vo'ltage

corresponds to the de-jonization perìod. Also, in the case

shovln, p + y = 600 = g where 600 is the angle bett'leen successive

commutations. For larger commutat'ion angles, the period

\ = 600 - u will be decreaseci and may reach a point where

adequate de-jonjzation time is unavailable. This condition

exjsts for large values of direct current or for a large

comnìu tati on reactan ce .

To provide for both the minimum de-ionization time and

the poss'ibilìty of a large commutation overlap angle, the

advance angle of firjng (ß) can be increased. This leads to

l arger reacti ve po\,/er consumpti on and hi gher vo'l tage stresses on

the val ves. For thi s reason, the i nt,erter shou'l d be desi gned

such that the commutati on over'l ap angl e does not j ncrease beyond

the practi ca'l range of approximately 200 - 300.

44

Consider the operation of tvro 6-pu1 se inverters

operating in series on the dc side and in paral1e1 on the ac

sìde as a 12-pulse group. In certain applications u¡here

f i I teri ng of the harmoni cs i s not requi red, the commutat'i ng

reactance for each group is made up of the corresponding converter

transformer reactance and the system reactance. In such a case '
the system reactance is contmon to both groups. As a result, a

colnmutation occurring 'i n one valve group affects the operation

of the second val ve qroup.
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-+I " Erlr

Fi gure 4-2: Sing'l e

comm0 n

phase equivalent

system reactance

circuit shorving the



Figure 4-2 shows a singie phase circuit which illustrates

this, where ts, t1 and EZ are measured with respect to a common

reference.

Should Ei change due to a commutation within bridge 1,

the current I 1 wi I I change by some amount AI.

Initially,

dI^ dI,
Et = E" - L^ ) - Lr r

> s dt I dt

and

F = F - , 
ot, 

- , 
drz

-z -s 's dt 'T dt

where

46

I1 + IZ = I, and inductances L, and Lt correspond to the

reactances X, and Xt

After the change i n I t has occurred, the equati ons

become

F- = f - r 
dI' 

- |"ii -s -s dt -T

v¡here I, is now

It + ÀI + Iz

¿(It + Ai)

dr
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uD1
LL

rl*S -S

-tr- Ls -L
S

Now, the change

given by

tr-F"27 -2

Ett - E1

dI, , dI2

*-'T*

and

can be

mutual

Lr dr 
z

' dt

¿(Ii + 
^r 

+ iz)

in EZ due to a change in Ef is

dt

seen that the mutual

eq ua I to zero. Tha t
i nductance.

r_ d(¿I)
-e-_.--" at 1

-Ls -iT- - LT --i-t
I
L

S

L, + Ll

From th'i s

riegated by

effect of

it can be

making L,

th e sys tem

i nteracti on effect

i s , to remove the

Fi gure 4-3 sltot^rs the vol tage across a typi cal val ve ì n

a t2-pu1se group r,rhere ¡nutual commutation reactance is a factor.

The dents a and b are due to commutations in the second

val ve group. 0f parti cul ar i mportance i s the dent a. From

fìgure 4-3, the toial angle between the end of one commutatÍon

and the end of the next Successive comnutation is 300. If the

commutation over'lap ang'l e is greater than that shown in the
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the de-ionization period would be

woul d be the same as those descri bed

As menti oned, a practi cal val ue of

requi re the de- i oni zati on ang'l e to be

considerably less than the practical

For thi s reason, i t
mutual effects described.

is necessary to eliminate the

IV. 1 Methods of Compensati on

In HVDC transmì ssion schemes for which sel f-tuned

harmoni c fi I ters are requi red, the ac sys tem reactance does not

take part in the commutation process. The fj I ters vrhich

eff ect'ive'ly short ci rcui t the hi gh f requency current components

to earth, pFêvent their entering ìnto the ac netrvork and nesult

in an essent'ia1ìy sinusoidal vo'l tage on theìr terminals. For

this neason the commutation reactance is only the reactance beth'een

the filters and the individual valve groups of whjch no portion

i s common to both groups. Hence, the use of sel f-tuned fi I ters

el inri nates the mutual i nteracti on comDl etel v.

A second tnethod rvhi ch may be used v¡hen f j I ters are not

requi red j s shown 'i n FÍ gure 4-4. In thí s case, r^rhi ch has been
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'igure 4-4: Compensat i on

centre-tapped

of common

rea ctors

reactance by use of
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phase equival ent of centre-tapped

compensation scheme.
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described in the I iterature 10' tt, a centre-tapped reactor is
p'laced in each phase between the ac system and each valve group

as shown.

The requi red reactance of these reactors can be

determinec! in the fo'l iorving manner. Figure 4-s shovls a singìe
phase equi val ent of the scheme.

In this scheme, a.n increase in current It due to a

commutation in group 1, increases the voltage dr"op across the

ac system reactance resulting 'i n a change.in Ez. To compensate,

such that group 2 is unaffected by thís occurrence, the mutual

coupi i ng between the tu/o ha I ves of the centre- tapped reactor

must be such that the increase in Ii results ìn a corresponding

voltage rise across the haif of the reactor XR assocjated wjth
group 2.

Therefore, wri ti ng the equati ons

Ei = E, - XrI, - XRIi + X¡4IZ - XtIt

EZ= E.- XrIr- XRIe+XrIr- XtIe

and substjtuting

I, = I1 + Iz

results in



râ

Ei = t, - XrIt - XrIZ - XnIt + XNIZ - Xtit
EZ = E, - XrIl - XrIZ - XRIe + XNIt - XfIZ

To elìninate the effect of IZ on E1 and It on

E2

and

- xr12 + x¡,trz = Q

- XrIl + XNit = [

This condition is satisfíed for X, = XM

The commutation reactance for each val ve group i s

XS + XR + XT To min'imjze XR and still sat'isfy the relationship
x, = XM a reactor wi th a coupl i ng coeffi ci ent of approximateìy
1r0 is requjred. As a result each half of the reactor is equal

to Xs, hencu XR = Xr.

The resulting commutation reactance becomes X, + 2X.

whi ch i s hi gher than the ori gi nal X, + XT. Hovrever e the

transformer can be desi gned for a I ower I eakage reactance. The

effect of the compensatíng reactor is to make each valve group

appear to be supplied by a separate ac system.
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The total reactance of the centre-tapper reactor can

be f ound f rom cons i derati on of Fi gure 4-6. Assum'ing a supply

betr^reen terminal s 1 and 2, the f oì l ovring loop equation can

be rvr i tten

EtZ = Xti + XnI + XnI +XMI + XtI

Combj ni ng terms

Etz= [zxr+z(l<n***)] I

Si nce the system reactance (X, ) tends to vary

depending on the ac system configuration, XR should be chosen

to correspond to the'largest value of Xs. l.lhen XR is greater

than Xs, overcompensation occurs and the dents caused by

commutation in an adjacent valve group become negative. No serious

difficulty arises from thjs cond'i tion.

The vo'l tage drop due to the centre-tapped reactoris
Z(Xn +Xn4)I v¡hich resul ts in an equ'ivalent reactance of

Z(Xn +X*) = 4XR = 4Xr.

The precedìng discuss'ion applies to both mercury arc

and thyristor valves. l^lith thyristors, however, the required

mjninium de-ionizatioti angle ìs s'l 'i ghtly less than that for

mercury arc, and, as a result, compensation may not be required

i n some cases where i t l+oul d be i f mercury arc val ves vJere used.
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Chapter V

HARMONICS

The non-l inear operatjon of conversion devices resul ts

in the generation of higher" order harmonics of the fundamental

frequency. These harmonjcs are found in the ac current

supplying the converter and in the direct voltage generated by

the converter.

Th i s chapter exami nes the effect of commutati on rea ctance

on the harmon j cs generated l¡y an HVDC converter. The ef f ect on

current and vo'ltage hanmonic magnitude is poÍnted out, as well
'as the i nfl uence on the generat.íon of characteri sti c and

uncharacteri sti c current harmonÍ cs.

A simpf ifying assumption relating to harmonic studÍes in
HVDC systems i s that the di rect current i s perfectly smooth

with no ripple ( infinite inductance on the dc side of the

c0nverter ). This assumptìon simpl ifies the mathematjcal

analysis of current harnronics and, si nce in practi ce the dc

line reactors are of the order of t heffFy, the resulting error is
not of sufficient magni tude to u¡arrant the further compl ication
resul ting from the consi deration of ri pple"
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V.1 Chanacterìstic Harmonics

To apprecj ate better the i nfl uence of reactance on

characteri sti c harmoni cs , they rvi I I be cons i dered both wj th and

without reactance in the commutatinq circuit.

Negl ecti nq Commutati on Reactance

The assumption of no commutation reactance results in
a rectangu'l ar ac I i ne current waves hape. The I ack of i nductance

between the source of sinusoiclal voltage and the converter allows

for an jnfinite rate of rise of current through the valves r^rhen

commutation occurs from the nonconducting to the conducting

states.

Assunption of a finite firing angle on'ly results in a

shi ft of the current wavefornrs vri th respect to the commutati ng

vol tage waveforms and does not affect the harmonic magni tude

except to al ter the magrri tude of the di rect current.

Fi gures 5-1 and 5-2 shorv the ac J i ne currents feedì ng

converters through Y-Y and Y-A connected converter transformers

respectively.
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In the I i teraturel, i t has been shown that the resul ti ng

Fourier analys'i s of these vraveforms gives the sol utions

iy-y='f Id f.o, rot - f .0, 5 ot n |.0, 7 ut
1l'r- fr- cos ii r¡t + fr- cos 13 ort + ...)

ir-o= ,f I¿ [.0. ort + f cos s urt - ] .0, 7 ut.
11-l- fr cos i1 ot + fr- cos 13 ¿ot + ...J

The harmoni cs can be seen to be of the order 6kt1

r^rhere k is any integer.

The rnrs value of any harmonic component can be

eval uated by standard procedures and is

which for the fundamental resul ts in

I(n)o =i (14 I¿ )=Æ I¿

I(r)o = + I¿

Previously it had been shown that the total rms current
eval uated for a rectangul ar waveform i s

_n
l:/ã rd (2.3)
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0f particular practical importance in the study of
HVDC converter generated harmoni cs i s that the s ummati on of
iV-y and iy-¿ results in the cancellation of harmonics of order

5,7" 77,19, and the doublìng of harmonics of order

11, 13, 23, 250 In practice, this is accompl ished by

paralleling Y-Y and Y-A converter transformers on the ac side.
Under this condition, the 5, 7, !7" 19, order harmonics

circulate betv¡een the transformers and do not enter the ac system

except under condi ti ons of val ve group unbal ance.

Therefore, filters are necessary only for the harmonjcs

of orden n = kptl where

p = 6 for i bridge

p = 1,2 for 2 bri dges phase displaced by 300

In theory, through the use of phase shifting, p can

be i ncreased to 24 f or f our bri dges and rest-rl t j n addi tional
harmoni c cancel I ati ons but thi s practi ce i s uneconomi cal clue to
the addi ti onal compl exi ty of the transformers "

Finite Commutation Reactance

Consideration of finite commutation reactance resuits
in a different current vJaveform than that il I ustrated in fìgures
5-i and 5'?. Figure 5-3 sholvs the voltage and current waveforms
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resui ti ng from cons i derati on

angles.
te deì ay and commutationof fini

ïhe resul ti ng

dividing jt into three

5- 3, these are

r\

current waveform can

parts. Taki ng f, = o

be anaìyzed by

as shov¡n in figure

cos ¿¡t -l
cos-f-ñÐ- I

forcxcot<0+u

2)

3)

io = Id

ir = Id

U<t¡t<s*

cos cl - cos

r-
Y

Id forcr+ 2tt

(,¡t
cos c - cos (o.+p) -

:
L,¡,

;JI
o

[-n
I;
LL

rl
J

2n
ãt-ilt-L

(5.1)

')æ
for cx, + ;" <r.,lt

f

/̂fr<s+u+*"

Fouri er analys i s has been compr eted on thi
and nesul ts have been i I I ustrated in the I iteraturel
harmoni c current as a percentage of the fundamental

commutation angl es for di fferent angl es of de1 ay.

s t,Javeform

as plots of

versus varying

These

i)
curves indicate that

harmoni c magní tude as a percentage of the

f undamental decreases wi th ì ncreas i ng ang.l e

higher order harmonics tend to decnease more

rapi clly than I ower orders. Each reach a mi nimum

11)



62
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Figure 5-3: nt and vol tage vraveforms considering finite
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at an angle u = ? and increase s'l ightly thereafter.

iij) for a constant angle u, changes in the magnjtude

of the harmoni cs rvì th changes i n ang'l e or: are

slight.
i v) as u decreases , the magni tude of the harmoni cs

increase and reach a maxjmum not exceedìng

i(n)o =

I(r)o

Assuming a sinusoìdal ac voì tage supplying the converter,

harmoni c current conponents can be negl ected si nce harmoni c

vol tages do not exist at the supp'ly po j nt. As a resu j t the exact

ac pot^ter feeding the converter is

Pu.=ÆELI(t)u

v = cos o. + cos (o.+U)n(i)a 
z

A f urther usef ul rel a ti ons h'i p whi ch has been deveì oped

is the fundamental in terms of Ir.,t and If .tt , its active and
*'ra t-'f

reacti ve components, as a functi on of u.

Neg'l ecting losses and equating the ac and dc p0tver,

Ifl I can be found in terms of the dc parameters o and u and a
a-ra

constant
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can be defjned to relate I(t)u and I(t)o

The ac

and cotnmutati on

phase sh'ift

p=
r

where e j s the phase-to-phase vol tage across the converter bri dge

and can be wri tten

s i de reacti ve pol'/er res ul ti ng f rom

angl e can be found from the equati on

ft
rl+= le^idt'¡tLt I 

rl

Jo

e=/3E*cos
considering the Point of

voltage ) as reference.

e is
.q = vrg' E* sin (ot - rl6)

. The current I, us'ing

i nto the three Parts i ^ 
o i.,, i'Pq

and r(t)o
Substìtution results in a

g'iven as

commutati ng

component of

the same reference ' must be di vi ded

'^ 
discussed PreviouslY.

new constant relating Irrr
\¡,ln

(t¡t - r/6)
vo'l tage crossover (.zero

Therefo re , the q uadrature

K(r). = 2u + sin 2c¿ - sin 2 (s+u)

4 [cos o - cos (o+P)]



The use of the

relationsh'ip betvreen the

converter poriJer f actor.

from

/3 e, I¡rr cos
L \r,f

factors K( f )u und K( t),^
parameters 0, and u and

The exact power factor

S = V¿ Id
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g'i ves the

the exact

can be evaiuated

and solving

The fundamental comporìent of current is found from

-T- r/r\\./o
1
¿ /r \

f, Ii

Substi tuti ng I (f )

for cos 0 results

-T- r ¡¡r \
\¿/n

U

in

cos cx + cos (cl+u )cos

and is read'i ly

by the term

ì-t j*(i)a + o(r).t

identified as the approximate po\'{er fa.ctor mod'i fjed

Irr)
a-rr

Vl\if1 \\"/a K(i).

Thi s term al so relates i(r) and I(t)o as

:f i*"1î".--'
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I(r)o

I(r)
l^

J*trru'+ *(r).'

Up to this poi

been discussed; that is,
responsi bl e for producj n

s ummari zed by Käuferl e u

7, B and others. These

i ) control

i . e. f j

or of e

ij) assymme

( ampl i
...\'i ii) dissimi

u.2 Uncha racteri s t i c Harmon i cs

IL, only characteristic harmonics have

harmoni cs of onder kptl Factors

g uncharacteristj c harmoni cs are

14ey and Rogorvs ky5 based on ref erences

factors are:

ang'l e dissymmetry

ring pulses are not equally spaced

qual duratíon.

tr j ca I s upp'ly sys tem vo 1 tages

tude or phase ).
I ar commutati ng reactances.

l'Jhen one or more of the three condi tì ons I i sted above

are found to exist, harmonjcs of orders other than those termecl

"characteristi c" can occur. It can be concl uded that al l three
factors result in valve conduction periods tvhjch are not equaì.

ì=.
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1,.líth respect to this thesis, let us novJ consjder the

case where Lhe commutaiì on reactance i n one of the phases

supplying the rectifier is not equal to that in the other phases

F'i gure 5-4 shoivs the supply transformer secondâFY,

the phase voìtages and the phase a current corresponding to such

a condition t¡her. L. is greater than Lu or Lb.

As a resul t of the unbal anced phase reactances ' the

overlap angles at the beginnìng and at the end of conduction are

not equal ( Þr f vz ) for phase a or b

The resul ti ng current waveform can be anal yzed for

harmon'ic content in the same manner as shown previousìy in this

chapter. For analysís purposes, the i^Javeform must be d'ivided into

e j ght i nterval s.

ì)

11J

l1)

i(urt) = Id

i (ot) =

for o < olt < [rr

r
I

Ir
L

1ì

id

Id

for Ur < of < L20o

i - cos (ot - ooo)l
1- cos t,-l

^ - ,. ^^0 , \for 120" < ot < (120- + tz)



for ( te0o + uz )

ov

r¡t < 1B0oiv) i(ot) = 0

v)

vi ) i (ot) =

for L80o < ot < (1Boo + ul )

i(ot) = -Id- l- 1 - cos u, 
-l

v] r J i (ot) =

-rd

-id LI

for (tB0o + ut) < r¡t < 3000

t - cos (ot - sooo)-l
i - cos v2 --.-J

v]1r / ì(ot) = 0

: From Fouri er Serj es

be found by substituting into

f on 3000. < u1 < (3000 -F uz )

for (3000 + v) < ot < 3600

Theory, the harmonj c components can

the f o 1 
'l owi ng f ormul a

i(u-rt) = âo rr

= Q since, over

zero and

Un cOs tìot rr bn Sin IotL

*- 1tl- r

where uo

val ue of

one period, the v/aveform has an averaqe

,2'rl
+ | i(art)

l0
a=

n
cos not dot
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Ztr
I1lb* = : I i(ot) sin nr¡t dotNITI
Jo

A computer program tvas wri tten to cal cul ate the un and

bn terms and the magnitude of the resulting harmonics for varying
va'l ues of U1 and V2.

Figures 5-5 to s-B shovr the r esults as plots of the
magnitude of the harmonic current as a percentage of the
fundamental , versus u1 for varyi ng v2.

Figures 5-5 and 5-6 shovl the third and ninth harmonics
v*rhich are not characteristic. As can be seen from these graphS,

thei r magni tude becomes zero for the condi ti on of equa'l phase

reactances as shown by equal ul and u2. For unbal ances, the
harmoni c magni tude Í ncreases.

As in the case with characteristic harmonics, the

harmoni c magni tudes decrease for i ncreas i ng hanmoni c number.

Figures 5-7 and 5-B show the characieristic fifth and

seventh harmoni cs. The graphs i ndi cate that the magni tudes of
these harmonì cs have al ternate maxima and mi nima as u1 di ffers
from V2. At I ocati ons where ul = þ2, the correspcndj ng magni tudes
are the sane as those g'i ven i n the I i terature 1 f or zero de'l ay ang1e.



I^r[ (%) l5

','lil
j

,iì

Figure 5-5:. Variation of the third

20u 300 400

u1

harmoic magni tude wi th

v? = 25:

v2 = 30o

U^'L - /lôo- +u

500

(degrees )

varying ll

600

and v2.
\l



¿5

rs 
ø) 15

I(r)o

2A

1nlv

r

Figure 5-6: Variation of the ninth

U

harmoni c magni tude wi th

u1 (degrees )

varying ul

50 0 60 0

v2

I00

?no

U2 = 50o

and vZ.
\I
r\)



I-þ (%)
I(r)o

Figure 5-7: variation of the fjfth harmonic maqnitude wi th

300
?0"
500

nno Ã

u, (deqre
I

varying

n

0-
oc )

ul and J-lo.
L

\I
(^)



2l''.

I7
I lil\

l- \/")'(l). ,o

l0 0

Figure 5-B: Variation of the sevenrh harmonic masnitude wirh vail'i'jrtïï"uno u2.

200 30 o 40 o

u2 20"
v2

50 o 60 o

u2

= 30o

400

\¡
Þ



75

Under the condi ti on of unbal anced phase reactances ,

even harmoni cs are not generated but odd tri p1 e harmonj cs are

( ttrat is 3rd, gth, i5th, 2Lst, ).

In the cases studied, the delay angle t^/as assumed to be

zero ( natur"al commutati on ). The consi derati on of fi nj te de1 ay

angles would not affect the generation of the odd triple harmonics

al though the magnj tudes woul d be al ter"ed. The increased compl exity
i n eval uati ng the Fouri er components di d not r{arrant the consi deration

of finite delav.

V.3 Direct Voltaqe Harmonics

The output vo1 tage of an HVDC recti fi er i s dependent

on the number of phases, the delay angle, and the commutation

over'lap angl e. Figure 5-3 shovrs a typical output wavef orm for

a 6 pu'l se converter.

To evaj uate the harmoni cs present in the waveform,

i t can be dì vi ded i nto three parts

us = f3 E, cos (,¡t + r /6) for0<of(g

'f-¿t/4
T I.,J-L "ru,]L

E* cos (rt - r 16) + /3 E,o cos (t¡t +



t,, co s r¡t

m cos (ot - tr/6)

results of the

the literaturer
Fouri er ana'lys ì s

The rms val ue

76

for û, < ot <(c¿+u)

for(o,+U).t¡t<r/3

of this waveform

of the nth harmonic

The

are found ìn

is

vo

¿.

lZ (n2- t )

' This expression reduces tc Vr^r = V^tn/o (J

i deaJ case of 0 = u = 0o and vlhere

Jl=mp

wi th

m = 'integer

p = phase number

tt

curves o, 
o(n)

(n+1)2.o,',F-t]r /z)-

z(n-1) (n+1)co, ( [i *lvt2 )co, ( li- ilu /2)cos (Zcr+p ) ILr Ll 
!

F.'][,'-,,'
.or21 v/2) +

lz

of c[ are available inVo

p'l otted against

reference 1.

for the
(n2-t)

t' forts d i fferent va I ues



Thes e curves i nd i ca te :

i ) unl i ke current harmoni c magnì tudes rvhj ch decrease

v¡'i th i ncreas i ng va j ues of cr, f or constant il,

di rect vo1 tage harmoni c magnitudes i ncrease wÍth

i ncreas ì ng cr f or constant u.

i i ) harmonic magnitudes for given val ues of G decrease

and reach a minimum at a value of
lt .u = n-, ì ncrease agai n to a maximum at

- 2nu =;t, then decrease to a second minimum at
2c

u = il Harmonics corresponding to small values

of o(<t00) tend to increase over the practical

range of commutation overlap ang'l e.

'i ii) at u = ;ft. and # , the harmonic magnitudes

are equal for all t,aiues of o¿.
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v.4

As has been shol+n, current and voltage harmonics

are a byproduct of the conversion process. Current harmonics,

both characteristic and uncharacteristica can cause difficulties
i n the ac system supp'lyi ng the converter as wel I as i n the converter

itself. These harrnonics, and in particular, the lower order

harmonics rvhìch are of higher magni'cude can be responsible for any

of the fo'l i otiì ng:

Effects of Harmoni cs on the System

-Éj:;r1i_1 :::



i) i n ac machi nes r^¡i thout damper wi ndÍ ngs or wi th

inadequate ciarnper wi ndì ngs, the presence of

harmonic current,s causes additional heating in

ii)
the rotors.

i n capaci tors , harmoni c vo1 tages i ncrease the

diejectric loss and increase the poss'ibil'i ty of

dìel ectric breakdovtn.

iii) ac systems v¡hi ch are not resonant at the supply

frequency may be resonant at one of the harmoni c

frequenci es. 0vervol tages on the system due to

res0nance can cause equ'i pment f aì j ures.

harmonics caus'i ng distortion of the converter

supply vo'l tage may shift the natural commutating

point. The result is unequal firing angles in

rect'i fiers and unequally timed advance angle of

firing in inverters. The result is generation of

uncharacterì stic harmonics v¡hich may add to the

dis'bortion already existing and cause further

inaccuracies in firing.
generation of lower order harmonics wh'i ch fall
j n the aud j o range may cause i nterf erence rv'ith

voi ce frequency communi cati on systems i f these

are i n the vi ci ni ty of the ac transmi ss'ion l'ines.
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iv)

v)



Fortunately, these harmoni cs can be reduced í n magni tude

in a nunlber of v{ays. The use of harmonìc filters to bypass the

current harmonjcs to ground is one of the most effective for

characte¡i st'ic harmon'i cs. Through the use of the inherent 300

phase shift of vrye-clelta connected converter transformers and

harmoni c fi 1 ters, the effect of characteri sti c harmonj cs can be

virtually eljminatecl economically. Filters could also be used

for uncharacteristic harmonics; ho¡rever' th'i s is usually an

uneconomj c approach. The best sol uti on to non-characteri sti c

harmoni c generati on ì s proper desì gn of the converter control s '

adequate filtering of characteri stic harmoniis and ensuring

equal commutation reactances in each phase'
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The commutatì on reactance

an integral part in determining equi

requi rements, vol tage regul ati on and

This chapter examÍnes the effect of

determining system requirements.

Chapter VI

Consider the rectifier and ac system shown in figure 6-1.
The components making up this system include.the dc rect.ifier, a

c0nverter transformer which i s represented as an ideal transformer
with a. turns ratio of n:1 and a constant reactanc. XT representìng
the ìeakage reactance, a full set of self-tuned filters on the hiqh

voltage bus and an ac system which supplies the real and reactive
power to the recti fi er.

as seen by the converter plays

pment rati ngs, reacti ve power

various other system parameters.

commutation reactance in

BO

Since a set of self-tuned filters is present, the

commutatj on reactance j s equal to the converter transformer

reactance. I n the i n i t'ial des i gn of the sys tem, an economi c

group rating is chosen. Subsequent to this, the minjmum

commutat'ion reactance, to satìsfy arcback or thyristor fault
current requi rements , i s determi ned i n the manner expì ai ned

Chapter III. This sets a minimum commutatjon reactance limi

loal¿¡rr o

val ve

ln

r
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for determi ni ng converter transformer tap



VI.1

At this stage, the converter transformer tap rargê,

I eakage reactance and MVA rati ng i s determi ned. Economj cs wi I I

gelleral'ly determi ne the I eakage reactance provi ded the mi ni mum

reactance is exceeded. Standard reactances are available for
transf ormers and hi gher or I ovler reactances general'ly i nvol ve

additional design and hence are more costly.

Requlation

The maximum 'l oadi ng requi rement of the dc system then

determines the MVA r ating of the transformer as well as the required
regulation. To see the basic effect of commutation reactance on

the choÍce of converter transformer ratìng and tap range, consider

the rectjfier of figure 6-1 under the foilow'i ng conditions.

B2

Assume that the valve

200 KV dc wîth a firing angle of

230 KV under all loading conditi

capaci ty ) . To determi ne the op

reactance, rati ng and tap range

reactances in the range 15% to 3

The commutatjon overlap ang'l e for
of 75% and a rectifier loading as above can

gr0up

t.'roIU

ons (

timum

cons ì

0% on

is rated for i000 A dc at

The filter bus is he'l d at

ac system has ínfinite
converter transformer I eakage

der practi cal transformer

the transformer base.

a trans former reactance

be cal cul ated from



Subst'i tuting c! = 100 and

result'i ng overlap angle is ?3.44.

u cos
["'

At rated 'load,

where the term t /r - ¡ * (,r,u)

u = 23.40 is 0.970

t.] - cr

| = cos ö =

Substi tuti ng the above val ues, the power factor i s

0.896 and q = 26.40. Sìnce the overlap angle is included, this

calculated poI{er factor is that seen at the primary of the

converter transformer and incl udes the var I oss i n the transformer.

J
Zr

the poh,er factor is given by

cos 0 + cos (o.+u)

B3

XT 0.i5 p.u.,

v (o,u)

(2.10)

the

The average dc no I oad vol'bage f rom equat j on (2.4) i s

eval uated for 0 = 10o,

and the corresponding ac r.m.s. line-to-line commutating voìtage

is

vo
oì/t'd

cos G + cos (o.+U )

(2.7 )

T
L

Itnuo
=-=

4OO KV

l. Bl96

.l62. 
B çY

219.8 KV



The requíred transformer rating is then

MVAT - 1.047 VoF.L.r¿r.1.

where the factor 1.047 is used to allow margin for harmonics

i n the ac current.

= (1.047) (ztg.8KV) (1000 A)

= 230. I MVA

The transformer reactance, i n ohms, 0[ the va] ve

wind'i ng base is

The valve t,ri¡ding voltage, Ev, is related to the

prinrary bus voltage by

- 2,,

oL = 
to na 

= l7.zBa
MVAT

B4

and sìnce E^ is held at 230 KV, the required turns ratio is
S

F

F-s n=-E.. 1

(2.8)

ls _ 230 KVf¡-tr1 -.^t"

Th'i s gives the required turns ratio at maximum load

( rated I oad ).

v 1 62.8 KV
= 1.4'l 3



If the minimum load

70% of max'imum caPabi I i tY, the

i s determi ned j n the f o11olvì ng

The di rect current

assumed that oPeratj on at cr

tap changer will oPerate to
3oLI,

vd * n-

transmi tted bY thi s

maxi mum transformer

manner.

where

[='o

at 200

= i.oo is

satisfy

85

Vd = 200 KV

oL = L7 .?Bn

Id = 1004

'^ocL = lu

cos c)¿

KV dc is 100 A.

preferred, the

dc system i s

turns rati o

The result is

vo = 204''B KV

and the corresPondi ng ac

If it is

transformer

rvhich corresPonds to a

230 KV

1r \/
- "'o
ts=u 3/2

line-to-line commutating vo'l tage is

n-

L51.6 KV

151.7 KV

turns rati o ot

. -a I
= 1.3i /



The tap range, defi ned as maximum turns rati o requi red

divided by the turns ratio at maximum load minus one is

These cal cui ati ons were done for transformer reacta.nces

in the range i5i4 to 30% and the resulting tap ranges under the

same maximum and minimum 'l oading conditions, are shown in

fi gure 6-2.

ffi{- 1.0 )1oo% - 7'36%

The concl usi on drawn from fi gure'6-2 i s that as the

transformer reactance í ncreases, the requi red tap range al so

i ncreases.

B6

. The actual choi ce of tap range depends on othel" factor.s

addi ti on to the I oaclí ng. Some factors whi ch coul d affect the1,n

tap range are

i)

ii)

variation in

the example,

operation for

firing ang'l e

l arger react'i

the vo1 tage on the ac bus. In

this was kept constant at 230 l(V.

extended periods of time with a

greater than i0o resul ts in a

ve pol/er demand.



vr.2

0nce a commutation reactance is chosen to satisfy
arcbacl< and faul t I i mi ti ng requi rements, the reacti ve p0wer

requi rement of the converter must be consi dered.

Reactive Pov¡er Requirement

If an HVDC converter coul d be operated rvi th no de1 ay

angìe and had no reactance in the commutating circu'i t, the ac

vol tage and current woul d be i n-phase. The recti f i er vloul d

appear as a unity power factor load to the ac system and the

on'ly reactive povrer required from the ac system v¡ould be that
necessary to supply the t2X losses in the ac transnlission.

In pnacti cal systems, several factors i nfl uence the

reactive po\'/er consumpt'ion of a converter. þJith the introduction

B7

of a de1 ay angl e, the voì tage and fundamenta'l current waveforms

are no l onger i n phase. A 'ì aggi ng power f actor is introduced

and reactive por,Ier is required. similarly, consideration of
reactance ìn the ac circuit introduces the concept of commutation

overlap. A shift ín phase occurs and a lagging pov/er fac'bor js

aga'i n introduced

to-phase short circuit exists on the secondary of the coltverter

transformer for the duration of the commutatj on overl ap peri od.

This is essential'ly a zero por'/er factor load if cir"cuit resistance

is neglected and requires generator vars.

I nto the circuit. Durinq commutation. phase-



To i I j ustrate the converter var demand due to over'l ap and

del ay angl es and parti cul arly to sholv the variation wíth commutatiotr

reactance, the calcuiat'ionsof the prev'ious section t,/ere extended.

Consider fìgure 6-3 rvhich shorvs the variation of reactive to real

power for di fferent val ues of commutati on reactance for the rect'i fì er

of fi gure 6- 1.

For these curves, the reacti ve to real power rat'io

increases vrith a s'lope of approximate'ly 1:1 with the per unit

commutat'i ng reactance if a línear relationship is assumed. Far

a rectifier rated i000 Ì4i'l viith a firìnq ang'ì e of zeroe an

increase in commutatÍng reactance from A.2 to 0.25 p.u. results

i n a reacti ve poWer requi rement i ncrease from approximately

5OO MVAR TO 550 MVAR.

BB

Si nce an i ncreas i ng var demand i n the ac system

generally means an increase in var generating capability

( addi tj on of synchronous condensers, capaci tor banks or an

increase in generaton var capability ), it'is economically

appea.ling to keep the commutation reactance as srnall as possible

c0nsjstent vijth thyristor or mercury arc valve requirements.

The s uppl¡r of extra reacti ve power i ncreases the cost

of the dc scheme"



As r.re11 , a hi gher var dêmand by the recti f i er af f ects

the converter transformer rati ng and hence, the cost. Fi gure

6-4 shows the vari ati on i n transformer MVA rati ng wi th commutati on

reactance and figure 6-5 shor,rs the variation of the vajve

lvi ndÍ ng vo1 tage wi th commutati on reactance. Both factors i ncrease

as commutation reactance increases, thereby increasíng the cost.

At the recei vi ng end,

a function of the de-ionization

ovenlap angle. The magn'itude is

reacti ve porver req ui rement.

The foregoing discussion indicates c'l early that it is

advantageous to choose as smaj I a transformer reactance as i s

pra.ctical. The result is a more econom'i c system based on reduced

r,atings, var and regulatìon requirements.

B9

the reacti ve por,Ier requ'i rement 'i s

angle y and inverter commutation

comparabl e to the recti fi er
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sending ends

converters.

pieces of eq

-tL)

?\

3)

4)

bJ

EFFECT OF APPARATUS ON COÍ'lMUTAT i ON REACTANCI

Chapter VIi

HVDC s

e ffec t
In all

ui pment

chemes , the ac sys tems at the recei vi ng and

the commutati on reactance as seen by the

cases , each or a number of the fo1 1 owi ng

are required:

converter transformers

anode reactors

In the f o1 'l ovring secti ons , each of the i tems I i sted

r^ri I I be di scussed as to i ts ef f ect on the dc system but wi th

p:articular emphasis on its contribution to the commutation

reactance.

9?

synchronous condensers

harmr:nic filters
generators, transformers

VII.1

Converter transformers are requì red primarí 1y to step

down the transrni ss j on voì tage to the I evel requi red for the

efficient operation of the converter. 0n load tap changers v¡ith

a wide tap range are used to mainta'i n this levej for w'ideìy

varying transmission line loadings, although theìr response time

Converter Transformers

and transmission lines.



is too sJor'i

benefi t the

If auxil'l iary equ.ipment is required, such as

synchronous condensers or harmonj c fi I ters, i t may be most

econom'i c to include a lovr voltage tertiary rvinding in the

transforrner. A synchronous condenser or fi I ter on the terti ary
does not require insulation rated for the high primary voìtage.

( jn the order of 1 second per tap change

sys'üem during a transient condition.

There

confi gurati ons

\
al

b)

c)

93

are three basic converter transformer windinq

appl i cabl e to HVDC schemes. These are

two wi ndi ng

two r,r'indì ng wi th a I ow vol tage terti ary

primary w'inding v¡ith two valve wíndings.

In each case, the 'l eakage reac

in the calculation of the commutation re

are shown i n fi gure 7 -I. For scheme c ) ,

primary vrìnding for tlo valve wind.i ngs,

between valve groups during commutation.

compensatj on may be requi red.

to

The reactances contributìng to the commutation

reactance i n each of the three cases ane:

tances are appl i cabl e

actance. These ci rcui ts

since there is a common

there may be an i nteraction
For this reason,



c)

b)

94

Påx-v
Ël

l-,

*p

Figure 7-1.:

Xv1

Basic converter transformer

a) tv¡o winding
b ) two rvi ndi ng wi th
c) primary rvìnding

equivalent circuits:

lov¡ voltage tertiary
with two valve vrjndings.

"fi.F.,e



a)

b)

The Practi cal val

above can be varied by the

requi rements. In practi cal

winding is required, it ìs

wi ndì ngs to i ns ure a sma I I

vri

^c

xo + xu + sYstem reactance

c)

= xu +

th (Xr +

(X^ + system
P

terti ary to gr

*ur+(Xp+system

VII.2

95

As the de'l ay angl e of the converter val ves i s i ncreased,

the anode-cathode vo'l iage pri or to conducti on i ncreases. Vari ous

stray capacttances between the anode and cathode discharge

lvhen conduction occurs resulting in a hìgh frequency transient

whi ch affects the current through the val ve. " Ri ttgi ng" occurS

as the current bui I ds up from zero to Id. Several di ffi cul ti es can

result from this transìent, the most ìmportant of which are radio

frequency jnterference and arc-quenching of the valve.

reactance) in para'l

ound reactance) )

ues of the winding reactances listed
desi gner dependi ng on the system

appi i catì ons where a terti arY

located between the primary and valve

tertiary reactance magnitude.

Anode Reactors

reactance )

I el

The frequerlcy of the osc'i llations is often in the

rad'io frequency range and if not suppressed can affect pr0grantming



reception ín the

difficu'l ty resul

amp'l i tude may be

through a zero "

h'i gh overvol tage.

vicin'i ty of the converter station. The second

ts from the ampl i tude of the osci I I ati ons. The

large enough to cause the valve current to pass

The result is arc-quenching and corresponding

A hi gh frequency choke i n serj es wi th the anode can

a.l ter the f requency anci ampl i tude of the osci I I ati ons e such tha.t

these di ffi cul ti es can be control I ed.

The anode reactor adds i n seri es to the val ve uri ndi ng

reactance of the converter transformer. To decrease the
'combi ned reactance, the transformer reactance can be des i gned for
a lower value and the overall effect on the commutation reactance

rvill be unchanged.
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VJI.3

HVDC converters requì re a 1 arge amount of reacti ve po!ver

due to the phase-to-phase shor t c'i rcuit rvhich occurs during

commutation and u¡hich essentially is a zero power factor load on

the system for the overìap period and also due to the commutation

de1 ay angl e whi ch causes a phase dì spl acement between the ac

voltage and current.

Synchronous Condensers



For typical systems, the reactive requirement may

amount to 60% - 70% of the real po\.rer transfer correspond'i ng

to a converter por,rer factor of B2/" - 86%.

The ac systems at each end of the dc transmission

system may not have adequate capaci ty to supply the var

requirement. Several alternat'i ve sources are readi'ly available.
Synchronous condensers, fi I ters or capaci tor banks can be used

for thi s purpose. Synchronous condensers operated i n the

overexcited state can supply vars to the system.

Due to the advanceci controls

condensers have the added advantage of

support to aid system stability. Their

the system short ci rcui t capaci ty r,rhi ch

effecti veness of the converter control s

97

Synchronous condensers are norma'l 'ly I ocated on the

tertiary bus of the converter transformer. Several advantages

are gaíned from this location, pF'imarily, a decrease in converter

transformer l'{VA ratìng and a lowering of the insulation requirements.

In the determinat'ion of comrnutation reactance, the

subtransient reactance of the synchronous condenser is used.

ava i I abl e, Synchronous

giv'i ng excellent transient
presence also increases

increases the



Such is the case since

phase short circuit of

VII.4

The presence of harmonics in the ac system is not

compatibl e with good system operation. At the present time,

the most successful method of el Ím'inating harmonics is through

the us e of harmon i c fÍ I ters .

Harmonic Fiiters

commutation is

the transformer

These filters are general'ly tuned R, L, C series

çircuits in which a separate arm is provided for each harmonic

current expected i n the system. The presence of harmoni c currents

can be f ound anaìyt'ical ly through the methods described in

chapter V and durìng operation of the dc scheme, these results can

be checked by actual system measut'ements.

essential ìy a phase-to-

secondary.

9B

5th , 7 th,
for hi gher

resi stance path compared to

harmonic current.

The majorì ty of schemes

11th and i3th harmonics

harmoni cs. Each

the f i I
Theoret'i ca

ters.

d)

i ncorporate fi I ters for the

as wel l as a hì gh pass fj j ter
tuned to appear as a low

system for the respecti ve

arm I s

the ac

These

on

I I rr fhov.o

â t"ê'

the sys tem

are three possibie

side (prfmary)

locations for

of the converter



b)

transformer,

on the tert'iary of the converter transformer,

and

c)

results

converter transformer

commutati on proces s.

dangerous'ly hi gh and

Id =Q 'is higher than

In actual p

in a very low

on the val ve si de of the converter transformer.

ract'i ce, c) is unacceptab'l e in that it
commutati on reactance by excl udi ng the

reactance from partì ci pati ng i n the

As a resu'l t, currents due to arcback are

the t'ime deri vati ve of the current at

the val ves can wi thstand.

Location b) results ín a saving in the fjlter costs

due to the lower insulation. Idea'l 1y the tertìary windìng

reactance should be zero, to ensure that no characterjstic

harmonjcs enter the ac system. This is not practica'l ìy possible.
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The mos t favoured I ocatj on i s at the pri mary bus where

guarantees of harmonic vo'l tage can be made. However, in the

case phere synchronous condensers are not used to supply react'ive

power, these vars are supplied by the system and the fjlters and

resul t i n a I arger converter transformer MVA rati ng.

A further consi deration i s the use of sel f-tuned fi I ters.

As the filter goes off-tune due to a frequency variation in the



system or a parameter change due to a change in temperature,

either Lhe inductor or capacitor in the filter arm ìs varied

to bring the filter back in tune. The best method for self-
tun'ing i s the use of a control system wh j ch mon'i tors VI si n 0

where

[ = harmoni c vol tage across the fi ] ter

I = harmoni c current through the fi I ter

ô = angle betleen V and I.

Under tuned conditions, V and I are in phase and the

'impedance of the filter is the arm resistañce R. Under this

condition, the quantity VI sin 0 ís zero and no change ìs

required in the tuning. When VI sin 0 js not zero, the simplest

tu,ning arrangement is to change the arm inductance.

100

, Sejf-tuning filters are particularly advantageous

where the possíbilìty of de-tuning is great. For large, stiff
systems where frequency variat'ions are very smal l, the acjvantages

of sel f-tuni ng are I ost.

I'lhen connected in para'l 1eì with the ac system, these

f i I ters provi de a I or.l 'impedance path to ground f or the harrnoni cs.

As a result, the harmonic voltage at the prìmary bus js small due

to the smal I In Zn drop across the f iI ter. For th'i s reason, the

filter bus is assumed to be the source of fundamental frequency

voltage and reactances on the ac system side do not take part in



commutati on.

VII.5

In HVDC systems where sel f-tuned fi I ters are used,

ac transmission reactance has no effect on the commutation

reactance.

Genera tors

Sending end systems, however, can be designed with no

filtering. This is possible where the rectifier is in an

isolated location and êjectrica'l 'ly near the generation. in such

a case, the generators are designed vrjth sufficient capabjlity

to absorb the harmoni c currents generated by the converter.

I ranl0rmers and Transmfssion Lines

101

Under th js condit jon, the transmissíon I ine 'impedance,

generator transformerimpedance and subtransient reactance of

the generators must be i ncl uded i n the cal cul ati on of the

comnlutati on reactance. To cover the enti re range of poss j bl e

commutation reactances, care must be taken to consider. cases with

different I i ne and generator outages. Al so, i f several

generat j ng stati ons are comb j ned to s upp'ly an HVDC recti f i er

stati on, the shari ng of harmonj cs among the dÍ fferent generators

must be known.



The aim of this thesis was to show the importance of

commutati on reaciance on the des i gn and operatj on of an HVDC

system. since commutation reactance affects many aspects of
the overall scheme, it rvas necessary to consider it vlith respect

to the converters as well as the ac sending and receiving end

systems.

Chapter VIII

CONCLUSIONS

it t{as shown that reactance i n the commutati ng ci rcui t i s

necessary to limjt transient current through the thyrjstor or

mercury arc valves. Based on this requ'irenrent, for a particular
type and ratìng of valve, there is a mjnimum commutation

rea.ctance urhìch mus'L be suffìcient to prevent the possibi'l ity of a

maior valve failure. Decreasing th'is limit, decreasesthe cost of
the schenre, êt the expense of reliabiiity.

702

As rvel I, economic considerations linrit increasing the

commutation reactance beyond that necessary to meet the val ve

requi rements. Any i ncrease j n commutation reactance i ncreases

the steady-state reactive po\{er requirement of the converter, the

converter transformer rating and the tap range as wel I as

increasing the voitage stresses on the valve" All of these

factors result in h'i gher equìpment costs.



Consequently, reliability and economics must be

considered simultaneously in decid'i ng on the fjnal value of

commutation reactance.

di spl aced i nverters i n seri es, i t utas shown that any reactance

common to the commutating circuits of several inverters causes

reducti on of the de- i oni zati on peri od avai I abl e to the val ves.

Ìdhen the de-ionizatìon period is reduced beyond that necessary

for successfui va'lve de-ionization, it is necessary to el iminate

the common reactance. Fi I ters on the primary of the converter

transformers excl ude the cornmon system reactance by establ i shi ng

the commutating voltage at thi's location. Alternatively,

compensatì ng reactors are used wh'i ch compensate the vo'l tage

drop across the cornmon reactance seen by a valve group when a

valve ìn an adjacent bridge begins to conduct. This is an

important cons i derati on r¡rh i ch must al so be cons i dered.

l,lith respect to the operation of several phase
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It r,Jas also shown hov¡ comrnutation reactance alters
' '-Í:'

the converter transformer pha:e..,ç.\rrrent *.ùavqshape nr.,sul ti ng i n
--,,,-:t 

ì 
- 

-;

a change in the harmonic conttên!.'-iThis.onlyi,-jnfluences the
"-¡ 

i '** i-'l'.
magni tudes of characteri sti c haimo:ii ics r r .., .'ir: 'ii.

o*L.ì .'¡':ì'j-. :.. 1 -;: .,':, ..j . -.','',t,r;.rr-.li:.:2..,: , ., ',,,.:,. !,' -rí,

' "ti -- gr'" '¡ -'' - "
\l.r=.-,2 ..,:

0f partjcular s'ign jf icance'- w¿s thè"'generation of odd

triple harmonic uncharacteristÍc current harmonics due to

unbalanced phase reacta.nces. These harmonics are not filtered



and hence enter the ac s vs tem.

A summary of equipment necessary for a dc transmission

scheme wi th parti cul ar emphas i s on i ts effect on commutati on

reactance rìÍas al so i ncl uded. Anyone i nvol ved 'in a dc scheme must

be ar,Jare of the f uncti ons each serves and how they i nf 'l uence the

reactance i n the commutati ng c'i r cui t. As lvel I , two methods are

g'i ven for the measurement of the commutati on reactance of an

exist'i ng system.

In conclusion, it is

an i ns'ight i nto the importance

conimutation reactance plays in

varjous aspects of the system,

cannot be taken f igh.tly.

i04

hoped that thi s thes i s provj des

of unders'tandi ng the rol e whi ch

a dc scheme. Its effects on

both technjcal and economìc,
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MIASUREI'lENT AND CALCULATION OF COMI"'IUTATION RTACTANCE

In practi cal HVDC converter systems, i t may be

des i rabl e to measure the commutation reactance as seen by the

converter.

Appendix A1

To sinrpl-ify this measurement, it should be possible

to make i t accurate'ly by obtai ni ng the necessary dc parameters

f rom an osci 1'l ogram and substi tuti ng i nto a mathemat'i cal

expression.

Two methods descri bed i n the I i teratu..12 whi ch al I ow

thÌs to be done are:

i) commutation overìaP method

, ii) overlap-area loss method.

108

To mathematicaì 1y express the commutatjon reactance

i n terms of the dc parameters, the f o'l 1owÍ ng assumpt'i ons are

made:

i ) the phases have equal commutati on reactance

and the resistance is neglìgìb'l e as compared

to the reactance.

ij) the ac suppìy is balanced and sjnusojdal.

i i i ) external capaci tances and the effect of

capacitances on commutation are neglig'ib'le.



41.1

Derivation of the mathematical expression is based

on the period ciuring which commutation occurs. If durjng this
period, the comnutati on vo'l tage between two phases i s

Æ En,' sin ürt, then integratíon and solutÍon for i in the loop

equatjon yields

Commutat'ion 0verlap Fiethod

l= 'Æ E*

¡-

APPIYj ng

oe and at f =

2uL

109

cos of +'C

the boundary

T,-d

qL+ u)

f4T},J L
m

ül

Solving for oL y'ie1ds

2wL

The parameters Em, I¿

oscil'l ogram and substjtuted in

t,ll j s tha.t reactance as seen by

compared to the theoreti cal val

'l=
)l

Ã-t < F

r ' " -m
(I)L=-

2T- -d

f .ot 0

conditions that at

I¿ J,ields

--t
cos (o + u) |

-l

[.tt 
0. - cos (s {'

¡_aL-ûJ)

, c! and u can be meas ured f rom an

(4.1. 1). The resul ti ng vaì ue f or

the commutati ng val ves and can be

ue cal cul ated f rom des'ign parameters

,)l (A1.1)



i10

Al

I

Fígure

tl I

ÍT;l

Ai- 1 : Parameters requ i red to ca I cul ate

0verl ap-Area Los s Method.

u.rL by the



41.2

Duri ng the

drop j n the dc output

0verl ap-Area Loss l'lethod

Duri ng thi s

Fi

commutation of two

voltage.

gure

perio

¡o4lt
I

lo
| "c
l

A1- 1

d

where

shows the voltage during commutatjon.

dot =

111

ec = commutation voltage

ic = conmutation current

valves, there is a

2uL
Ito

I

)
o

rc¿*u

I

I

j
u

which also equals two t'imes the overlap-area loss

ZuL I¿ = 241

di.

ê. durt = ZuL Id

If the

trapezoi d wi th

\/. =J>

a

area A1 in figure A1-i is considered to be

paral'l e1 sì der uj. und uj. where

voi tage jump across the val ves at of = o, and

That is



u j. = vol tage i ump across the vaJ ves at t¡t = o * u

and a width p equal to the overlap ang1e, then

^ - I t,,At=i(ujr+uj.)u

= toL Id

Therefore, measurement of ujr, uj., and Id

yieìds oL, the commutation reactance.

772
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The tvro dc side fault conditions resultìng in the

highest thyristor currents, as stated in Chapter II, are

1) faul t across the bri dge termi nal s at the

commencement of commutati on between two

val ves.

CURRINTS DUT TO D. C. S I DE TAULTS

CALCULATI ON OF THYRISTOR

Appendix iI

2) f aul t across a val ve rvhi ch has compl eted

commutati on.

The equations for the thyri stor cunrent in terms of

the commutat'i ng reactance rvi I I be determ j ned f or these tvro

conditions under the followìng assumptions:

a) ac system has inf inite capacity and therefore

system reactance has no effect.

b) no change Ín Id is assumed to take place in

the i nterval cons i dered.

c) al I phase j nductances are equal .

d) at the tìr¡e of fault application, all non-

conducting valves are blocked.
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Id

a)

ê

+-l.ì

I

a) Circuit condition, b) phase voltages,
and c) thyriston currents for a faul t
across the val ve bri dge term'i nal s.

Dl

ll
ts*u-*4

c)

F'igure A2^I:



AII.1

Consìder figure

arrangement, ac vo I tages

Faul t Across the Bri dqe Ternri na'l s

The three ac phase

.u=t*cos(ot+

A2-I v¡hìch sholvs the circuit
and thyrj stor currents.

"b = E,n cos

aa = E* cos

The wors t

faul t appf i ed at ot

115

vol tages

600 )

t¡t

ot

iniervals

600

1 800

are defined as

condition will be

- 0 when valves 1

The analysÌs is

i) 0 < trlt < u

ll/ ot > U

best approached

wri tten:

Interval i) 0 < ot

consi dered,

and 2 begin

During this

that is, a

to commutate.

by considering two

-l
o'

J.it,1

d, 
-

interval,

u

"b

the f o1'l ow'i ng

Lu
di

L̂
=

,.,| +UL

equa.tìon can be

t. + L.
di -

D

da
(A2. 1)

'E -q1î -rir



where

and

i6 = jf

ii + iz

+ Id

if + Id

however,

From equation(42.1),
dír

ô-À=l-"a -b -a 
dt

t

and rearranging,

1. - 'l^
o¿
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di ^11
- L. o dt

tu - eb ='[#

J.:t,6
ã-r

Integration yields

i6 - 7iZ =

-L

dì",2
*

-¿

and substituting the boundary condjtion

and iO = Id yields

die

dt

Õ -ÀLL
OU

I
J

/3 E* cos ot

/3 E- sin oit' ltl

C - I,
o

r¡L

,/< t-
ill

+C

¿oL

that at ot -^;-^- ue t2 - u

(A2 .2)



constant o

Rearranging

f integrati

i. - 2i^ =o¿

ln
o

equation (A

on C yields
/^ r l_-/r .m 

II cosr¡L L

At the end of this
i. si nce commutati on has

L

? 2\

r¡t

i2

and substituting for the

.equation

/38
m

However,

for iO is

ê-l-a -a

II7

i nterval , that i s, at of = Il ,
been compl eted.

I

tl1l
I

J

r¡L

r
L'

and after rearrangj ng and

; ,.: - 
ÆEn'

'l- 
T t-o zrL

+ Id

to fi nd the val ue of the

requi red. From equati on

U(JJ

--1

Iul-
II

dit 
=

dt

At of = 0, i, = i. =¿O

f,=2L
o

Id

di -
ô+l o
"c

11 1

integrating

[æ sin urt

overiap angìe U, an

(A2. 1) ,

T
lr ñ

(A2. 3 )

/îr

-l+ cos of | + C
_l

2uL

m

(A2.4)



and equation (A2.4 ) becomes

At the end of

j-

'6

i+i=,1 ,6
ß E,n

comrnut
./a Frv 'm

iz = i6'

2uL

t-_
l/3
L

To determi ne the

equate equati ons

atjon, i1 = Q

[^ 
,,,. u

2ttsL

sin of + cos tr-rt

l'lov¡et/eF:

xc

and at full

i18

-z

and

+ cos

côq

overlap angle u¡

(42.3) and (42.5)

therefore

u '] 
+

€ sin u = -| o

']. z

ZuL ior. t.
/s rrr. t .

load, êguation

TJr
o

Equation (A2.7)

2ra

-3cosU-ÆsinU=-l+3X.

since at ot

which yield

3oL IO

/3 E*

(A2. 5 )

(A2.6 ) becomes

= tlF'

can then be solved for u bY

(A2. 6 )

(2.e)

succes s i ve s ubsti tuti ons.

(A2 .7 )



Interval ii) ot >14-

equati on

Valves 2 and 6

can be wri tten
di,

tÉê-"b -b 
dt

but iz = i6

are conducting and

di.
^.r.t o
E¡ ' -r

dt

/3 ç.^
i '-- - 

rrr

t 4^L

and. s'i nce, ôt of = u

eb - ec
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Rearrangi ng and

=2L

the fol1owìng

diz

dt

i ntegratí ng Yi el cis

[^

T,
L-

solv'i ng for C and

i2

sin of - cos ot

./a F"m

*

j-t2

substi tut'i ng

-1
I
I
I

II

c0s
I

ul
I

--l

+C

fn
L-r

-rd (42"3)

into equat'ion

s i nr¡t

(A2.8)

- cosot +1_--î-
T

(42.8) yjelds

?r^nclt
---î--T

rl5
+

s l nu -Ir
u

(A2. e )



equation

yields

The

(A2.

maxi mum val ue of

9 ) r^ri th respect to

andQ=lScostrlt
f or l^¡hi ch the sol uti on

poi nt where the ac dri

di,
L^ =u=

dr

,2

+

can be found by djfferentíating
a.nd settjng it to zero. This

'tÆ E,

rearranging equatíon (A2.9) yields the maximum value of

+ sin¿¡t

is r¡t = 1200.

vi ng vo'l tage,

Subs ti tuti ng ot = 120o, X.

't2

l- lJ| -;-L+

L20

corres pondi ng

1.
I

i ,-or

where ¡.r i s

sinotcoso[ 1- --4-

.n
J¿=-
Y

L. c

Thi s corresponds to the

ek - e^, is zero.
UL

to

t
L

The poìnt where 1Z becomes zero

iZ=0 in equation (42.9) and solving foF ot

'/3 sin of - cos r¡t = ?Xn - 4 + 3

l

a full load condition.

as found from equatìon (A?.7)

/ã | a cos u 
-1

vó rr---z-)-+--Èl -t-t

ZuL I ¿f

(A2. 1o )

/3 EmF

This equation

substitution.

.1.

L.

and

can be solved for of by sLtccessive

is found by setting

, lvhjch yields

cos p + /3 sin u

-'4+-1,ltf:'ì li:
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f=n

phase vol tages,
for a fault

nl

\ ^. r \aJ LlrCUlr C0nO'l tlon, DJ

and c) thyristor currents
across a valve.

c)

Fi gure A2-2:



AÏ I.2

Consider f igure A2-2 rvhich shows the círcuit
arrangement, ac voï tages and thyri stor currents. The phase

voltages are as defined previousìy.

Faul t Across a Val r¡e

The r'rorst condi ti on ari ses f or a faul t across

vaive 1 at of = Hr that is, vlhen valve t has completed

commutati on.

When the faul

can be written

di 
^e^ + L^ g

cl d 
dt

722

It should be noted that phase a current is no longer

equal to val ve 1 current.

t is applied, the

Rearranging equation (42. 11 ) and

iZ - Id results in

,liut2
ê-l -

of,

f'o11owing equatÍon

diz

dt

tb - ea

?L

(A2. 11)

lf E, sin t¡t

substituting iu =

2L



and Ìntegratìon yie'l ds

. -{ó Em

tz
2usL

At r.¡t = U,

integration is

cos uit + C

/3E
C = ffi cos u + I¿

2uL

yields

iz = I.t, therefore the constant of

Substítuting this into equation (A2.12) and rearrangìng

7?3

12

and sol vi

lãtrv J tm

""

Di fferenti ati ng

ng for t¡t yie'lds

That is

which corresponds

to zero.

[..,

(A2.12)

U - C0S tr-rt

Substitutìng of =

the maximum val ue of i 
z

equation (42.13)

r¡t = 1800.

, the maximum val ue of i Z o

to the ac drì v'i ng vol tage

-1

l.I
id

dit
, setting

dt

;ln¿_

\t.;.
, *[-1-+ cos ul

Lx.-l

1800 i nto equation (42. 13) yì e1 ds

(A2. 13 )

ccurs at

(eo-eu,)

-^- U9

t¡t = 1B0o

being equai



Referring to figure 5-3 rvhich shows a typical

transformer phase current waveform, the current deri vati ve at

the end of commutation can be evaluated from the portìon of the

current r\,aveform nef erred to as i r. From the text, the equatìon

describing ir is

CURRENT DERIVATIVE AT CURRENT ZERO

APPINDIX iII

ancl i r becomes

j. = Id
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f-
I

l1
IL

cos * - cos (ort + )

zeroatt¡t=0+u++

Di fferenti ati on

di,^

dt

cos 0 - cos (c+u)

Substi
t^

| çtlt¡I=0rUtT

at current zero.

c0s 0

wí th

I,
o

res pect to

tuting equation (2.10) and

, yields the magnitude of

The result is

cos (o,+u)

di riT

t

tí me yi e'l ds

'/'ñ
6f,=ç¡*p*Ç'I

(5.1)

û) sin (ot-

ûJ I,¡ç |ur .L=-
^c

ZtI
" 

tl"t

evaluating

the current

(A3. 1)

sin (o+u)

(43.i) at

derivative

(A3. 2 )


