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ABSTRACT

Itøninaloperation of H.v.D.c. conventen station pnoduces only
d.c. side hanmonics of onder. (p . K) whe::e p is the pulse numben

and K is an integen. fn pnactice, conventer?s are J-ikely to pnoduce

all ondens of hanmonics.

This thesis presents a study of the har-monic phenomena on the
d.c. síde of a convente:: station. The study assumes a steady state
appnoach even fon unbalance cases that l-ast fon mor:e than a few cycles.

The magnitudes and l-evels of d.c. side voltage and cunr:ent han-

rnonics ane cal-culated for 6-purse and 12-pu1se conventen operations
unden diffenent combinations of unbar-ance panametens.

The unbal-ance panameters discussed ane: imbal-ance of ignition
angle (o), commutation angle (u), a.c. voltage depnessÍon, and the
most seve?e case of hanmonic content in the a.c. suppry. Each unbalance

panameten pnoduces a centain spectn-un of d.c. side voltage harmonics.

The study assumes an open loop approachri.e., the gene::ated harm_

onics on the d-c. side do not funther" modify the a.c. suppry vo]tage
thnough contnoll_ens.

An e>peniment had been set up to investígate the effect of inrush
c,urrent of transfo:=ners duning enengization on the level_ of dist_
ortíon of the a.c. vo]tage waveforrrns. ït was found that sevene dÍstort-
ions of a.c. vor-tages take place on account of longen d.ur.ation of
innush cunrents.

such studíes ane useful to make an assessment of the rever_s of
the d.c. side hanmonics. The data obtained ane va]uable in specifyi¡g
and designing the fiLtens and shielding fon hanmonic intenfenence on the
d.c. side.
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CHAPTER T

TNTRODUCTTON

Nominal openation of a converter pnoduces d.c. side ha'rnonics 
...,,¡,,.,;

of onde:: (K " p) whene p is the pulse numben and K is an integen
K = L, 2, 3,

The hanmonics during nomínal openation are call-ed chanactenístic 
' , ,.
i: :.,:.,::hanmonícs' Usual-ly an adequate filtening is pnovided on the d.c. side ',,,;, '"

fon such harmonics. The inf.l-uence of chanactenistic hanmonics aze well :,.,,,.,,,,.
il.: ::..

kno"rrT'B'9.

'V'D'C. conventelrs. generate hanmonics on both d.c. and a.c. sides.
Duetocentainunba]-anceínpanameterS'thehanmoníccontentonthed.c.

side does not contain the charactenÍstic hanmonics on1y, in fact, con_

ver:tens pnoduce harmonÍcs of al-l or"ders, Refenence lZr47. 
,

The fol-l-owing jrirbalance panameter.s ane taken into account fon i

this investigation:

(1) Vaniation in ÍgnÍtion angle (o) of each va]ve

(2) VaniatÍon in the a.c. suppty due to: r :::: :
:::::r.: - l

fect transnosl'J-r'a- :n¿ì øaa,.l ¡#.'^- ^L^---(a) rmpenfect tnansposítion and negulation chanactenistic 
.,-',.,,.¡(b) Depnession of one or more phases of the a.c. suppry, mainly

duning faul_t condition.

(c) unchanacterístic cunnent hanmonics ín the a.c. side, which in : :::
í:' :: . ','case of inadequate a.c. filtening can nesurt in rocal or? ne_

mote resonance, Refenence [1].
(d) A.c. side cunnent hanmonÍcs have a d.c. component nating whÍch

courd exceed. the satunation r-evel 0f conver:ten tnansfo::men
t::.- ai::1a::ì:.

i'. : : ::'-'



-::'ì:';:r"f:1:'
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This nesults in lange distontion in the a.c. supply voltage

due to converter tnansfonmen satunation.

(3) [lnbalance in commutation angles of some valves due to unequal

convente:: transfor"men phase inductances.

It v¡as exPellienced that due to energization of powen tr:ansform-

ens in the a.c./d.c. link a severe dístortion of a.c. voltages takes

place which causes ahigh content of chanactenistíc and non-chanactenist-

ic harmonics and l-eads to ovenloading of d.c. side filters.
This study handles the harmonic phenomena on the d.c. side of

H.V.D.C. conventen stations in a most general way.

Th. oesgan"h r-" guid"d to 
"oren th. foffo"irg a"p".tst

Fílst1y: The analysis and digital computen programs to calculate the

chanactenistic and non-chanactenistíc voltage and curnent hanmonics on

both 6-pu1se and 12-pu1se converter o¡:erations.

SegondlY: It enabl-es one to make as assessment of the level of voltage

and cunnent hanmonics unden any combinations of unbal-ance pallametens.

Thir:dly: The consequential d.c. l-ine and fil-ten bnanches cunnents that
are infl-uenced by the conventer" station configunation and d.c. line
chanacteristics ar"e considened fon the unbalance case of har"moníc con-

tent in the a.c. supply.

The study is penfonmed using a steady state approach because

distunbances of the a.c. supply usually rast fon many cycles wíthout

changing appneciably.

To account fon all possible unbalance ín panameterso a computen

program was written in the most genenal form, fon this neason the a.c.

supply ¡'savefonm was considened fon a full cycle of six commutation and

six non-commutation, (conduction), peniods fon each thnee phase full



' wave controlled bnidge.

vortage har:monics in case of Å/l ana Â/Å 6-purse openations

ane finst deter:mined sepanately and then the voJ-tage haprnonics for any

cascade combination of the two connected. bnidges ¿¡.gfound by phason addítion
. of each harrynoníc onder: indivídually.

A'c' line-to-l-ine voltage (tr-r,) is clrosen as a base in tr¡e derir¡atåon
of pen-unit d.c. side hanmonic voltages, and nominal d.c. side voltage
and cunnent ("uà, (turr) ane used as bases fon ca.r-culating pen-unit
hanmonic voltages and cunnents.

representative combination of unbalance parametets is an-

alysed and the d.'c. voltage hanrnonics ane obtained fon the following
cases:

(a) Un-bal-ance in commutation angle (u) mainly due to unequal

tr:ansformer phase inductances.

(b) Unbal_ance in ignition angle .(a) al_one or in conjunctÍon with
othen panametens.

(c) Depr:essÍon in a.c. supply phase voltages

(d) fmbal-ance of a.e. supply phase angles.

(e) A hanmonic content in the a.c. supply.

Case (e) repnesents the most sevene source of unbal-ance in
convente:r openation. A hanmonic content in a.c. supply results duning

faul-t conditions, ol3 due to inítial- a.c. side cur.rent harmonics enten-
ing and pnopagating in the a.c. system, leading to voÌtage unbalance

panticulanly in the fonm of supe::imposed. harmonic voJ-tages. Moreover,

high innush cunnents pr"od.uced in poü¡en transfonmens due to a state of
saturation l-ead to a distonted a.c. supply wavefonm.

chaþten 5 íllustnates an experimental set-up to investigate



the effect of inrush cunnent on the level of distontion in the a.c.
suppl¡¡ voltages

A.C. side ha¡monics produced. by conventen openation in case of
ínsufficient a.c. filtening can dísto:rt the a.c. suppry voltages, Ref-

e:rence ElJ.

Ia the follcw:'ng analysis, case (e) was considened the most

s.rgnrfrcant.

fnstead of assuming a::bitnary hanmonic

wavefonm" a harnonic analysis ís penformed on

obtained fuorn simrrlation studies fo:r the case

a.c. system.

content in the a.c. supply

some a.c. supply wavefonns

of 3-phase fault on the

For: a'better undenstanding of the influence of a.c. hanmonics

two cases of harmonic content in the a.c. lv a::e analvsed.

aal a.c. supply harmonics ar:e the same fon the 3 phases.

(ii) Unbatanced Case

It was considened that phase (c) has diffe::ent level_s of han_

monics than phases (a), (b) and. fon simplicity the phase angles

of hannonics in the 3-phases are assumed the same.

the d.c. side voltage harmonics ane computed fon the above

cases.

consider'íng these d.c. side voltage harmonics as a hanmonic

genenaton' the hannonic currents thnough filtens and líne ane

ealculated.

A special case of the 6th ar'¡n filten out of senvice is
consid.e:red and consequential d..c. side hanmonic curnents are

ealculated.

(Í) Balaneed Case
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Th:is s:ErILl¡ in4iça:tes a venl¡ imgontant aseect- that:

lfhen the hanmonÍc content in the a.c. supply is detenmined the d.c.

side hazmonic cunnents could be calculated. using a steady state app:roach

from the knowledge of d.c. side voltage hanmonics" This pnocedu:re is

computationally veny efficient and shown to be quite nelÍable

The nesults obtained from the analysis pnesented in this thesis

are very valuable in pnedicting the levels of all d.c. side hanmonics

underr different unbalance condítions. rt coul-d be used as a data in

designíng and setting the fílten pnotection circuits. Moneoven, the

ProPen shielding couLd be arranged to Iímit Íntenfenence with teleiorm-

unication networks, especially noise on telephone and. teleg:raph systems.



CHAPTER T]

2.I Intnoduction

The investígation of d.c. voltage and cunnent hanmonies ís based

on the idea of nega::ding the nectifien and inventen as genenatons of harmonícs

in the d.c. cincuít. The hanmonics of the e.m.f. of such a genenaton

ane found fnom the assumption of an infinitely gr"eat inductance in the

d.c. side of conventen, i.e., constant d.c. cunnent openation.

The e.m.f. harmonics ane functions of the a.c. supply voltages,
circuit panameters, and the angles of ignition and commutation.

To cal-curate the hanmonic vortages on the d.c. side, eaeh peniod

of a'c. supply wavefonms is made up of six conduction and síx commutation

intenvals. The a.c. rÁravefonm is treated in the freguenq¡ domain and hence
Fou::ien compÌex coefficients ane detenmined fon such waveforms in the
most genenal way to al1ow the inclusíon of different combinations of
as5rmmetnies such as imbal-ances ín a.c. supply, ignition and commr¡tation

angles, and the most,serlous case of distontion of the a.c. supply voltage

wavefor-m which usually arises ín the case of energization of transforners
and/or duníng faults.

The main objective of this chapten ís to calcurate the r_evers

of hanmonic voltages on the d.c. side unden the asymmetnies out1ined :.:.:..

eanl-ien

D.C.sidehanmonicsa]]eregandedasvoItageSounceS.Harmonic

cunrents in fil-ter"ing bnanches and transmission line a::e cal-culated fnom l

these wíth the knowJ-edge of the tnansmission line equívalent impedance
i ,t:t.,:,¡.,



at each harmonic fnequency.

The pnocedure adopted fon calculating the harmonic voltages fon

12-pu1se openation, is to negand the 12-pu1se openation as a combin-

ation of 2 6-pu1se operations with the second one having a phase 
.: ::....

lead. of (K .' 30o) with nespect to the Kth onder: harmonic. This ,t','',l ',

phase lead anises fuom the use of a A/L conventer tnansfonmen fon the

second biridge' 
- - :.Fig. 2.1 shows the layout of a conventer: and the detail-s of the '.i'1¡,..',,

': 
:i'-r;:-::

d. c . ci::cuit 
:.::::::,..: 

;

Fig. 2.2 represents 3-phase a.c. supply voltages and voltage i.:'',',: :.''

duning commutatíon.

' The peniodic wavefonm shown in fig . 2.g is expanded in Founien

seniesbyusingacomp1exFounienappnoach.Thiswavefor^miscomposed'

of six conduction and six commutation peniods in the intenval of '

.

(o - zn)
r

Fig. 2.3 illustrates t5rpical openation of a 6-pulse converten

with ígnition angle (o) and commutation angle (u). 
"
l

The ignition angres (o¿ts) and the angles of commutation (uts) 
i.,..,,.,,,

fon the six val-ves are defined individualJ-y to presenve the generality ,,'ì,, ,',,,

I 
::, ,:-.,:-:.::of the analysis, in an attempt to take into account all abnormal con- ,:,: :r::.

ditions arising fnom inequalitíes

The phase angles (0's) and conduction angles (Ots) with ne-
':;.:;. -.spect to a fíxed nefenence ane defíned in tenms of o1, .....0o6 and 
.ì,,¡i:i,;

ul , .....rü6

Fig. 2.4 nepnesents the nelationships between the angles used.

in the analysís. For: exampJ_e

oa = 0t + CI,' + uf ( 2 .l ) ;. ,;,,.,;, ,,.l -::,.;1. l l
l. ..;i.:.:.
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fixed reference
x

r::i:

Fig. 2.2 3-phase supply voltages and voltage during commutation.

v+va.c
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Fig. 2.3 Typical operation of
with ignition angle
angle (u) .

a 6-pu1se bridge
(a) and commutation
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FÍ9, 2.4 Relationships between angles used

in the anlysis.

+++(v" rvo) = (v"=vo)

{v",vol= ti.=iol
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The fixed nefenence (x - x) is takeri at 0, = ot, = 0

2.2 calculation of ha'rnonic vortages ín 6-pulse operation

As sho¡+n ín fíg. 2.8 a fixed nefenence is taken at 0I = O

and hence the firndamental components of the a.c. suppry ane defined as

r- = v. co" (urt - þ
 

rb = Vb cos (ot - n)

r" = î".o" (ot +þ

L2 
':l

(2.2)

The nepnesentation of a peniodic function f(ot) by a Founien

seníes implies that the specification of its Founien coefficients un-
iquely deternínes the function.

6

f(ot) cx "jlQ'rt (2.g
K=-æ

where K is the ha'rnoníc onden, and. cr Ís the Kth complex coeffic_
ient.

By Fou::ienrs theonem, Cf is defined. as:
i

t PTI :1...Lc = ' I rtolt¡ .-jrult dt¡t (c tt\-K 2Tr )^ , ""t e - oüJt (2,4) 
:.:

¡\ z1l Jg , 
-_ 

,::..:.;,..:

whene K = 0o t f , ! 2 ,,,',r,,,

Usually, the positive Fou::ien coefficients ane calculated as 
:" :''::

complex nuribers, then the negative coefficÍents ane ne.l_ated to the pos_

itive ones by the nel_ation

fr = tttt--K "K

whene (*) stands fon the complex conjugate



The reason fon using complex Founíen analysís, is that a Founien

complex coefficient cr is equívalent to the ampritud,e of the Kth

or:de¡r ha:r¡ronic phason.

Fnorn fig. 2.3 the peníodic functíon whích is ::epnesented by a
Fou:rier se::Íes is divided Ínto 19 pontions fnon (o - 2r.l .

f(ot) = fr(ort) +fr(trrt) +fr(art) +fu(urt) +fu(trrt) +fu(ot) +fr(ort)

+ f'(ot) + fn(tot) + fro(trrt) + frr(urt) + f12(ürt) + fra(urt)
(2.s)

13
,. f(ot) = X {(rrrt) (2.6)

n=l n

The following table T.2.I gíves the definítions of the subfunctÍons
ft(,ott) ...rfra(urt) and the bounds of apprication fon a 6-pu1se
IIL bnidge nectifien

il l:: r _r.! .:'



Table 2.L

Definítions and Iímits of sr:bfunctíons in a.c.

L4

l, .t-Ì

i . .r-.1

l-:.: iì
1.. ,r-

1

2

No Functíon Definition Limits
(measured fuon the fixed nefenenee )

fr(trlt)-(r.-t¡) 0,
LJI

v +v
-tà C .- \T-- tbjfr(urt ) ot*ot:t,rt: o1*ot*11

3 ra(ot)=(r_-tu) oa+or+u, : t,rt Í oz*oz

:
5

r¡*r,
ru(ult) - (r.

2
0z*oz: ürt

fu(urt)-(r"-r.)
!z+qz+u2: o't : os*os

6 ru(ot,=,%I"o-r") o3*og

:
I

I

f7(ûrt)=(rb-t) 0g*og*13 : 
-rt 

: 0,**o+

rr(ot) = (vb -
v +v

c
2

fn(ult)=(rb-r") 0u+o,u+uu Í t,rt: 0s*o5

L0 os*os :t,rt: ou+or+uu

11 frr(urt)-(t"-r") 0u+ou+uu :r,rt f 0u+ou

12 frr(trrt) - (r. +-v;
;--,2

\7
a ou+cu f t,rt 5 ou+ou+uu

13 frr(trrt)-(r.-r¡) 0O*oo*lrq _. ûJt q 2fi+e1
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since the Kth Fourier- coefficient, by definÍtión is

(\ = 1 Itn ,(ra) .-jxurt d't,K-ñJo
So"

cx = * Ú:t*t ,'(ot) "-jK't arr + llf.r-"I rr(ot) "-jxtrt dot :,:.ir- -1 J ot*oz 2

f^U.:' rr(trrt) "-jKtt ¿rr + foz+oz*uz r,,(trrt) "-iKrt dr.' tOr+cr+u, J1r+a, 4' -'

:'::

+ [lt-% fq(ot) "-jKtt dr. + flee+os*ts ç r¿ot) .-jKt. dr. ,,,I er*or*u, 5' ' Jra*o, r6\u'E'' e - d,t 
.,'

. + ¡,lu*u rr(urt) "-jK" ar, + [o++a++uu rr(rt) "-jtu. ar.Jea+or+ua - - ieu*ou

+ [:t::t. rn(,t) .-jK't art + flesrus+'s rro(ot) "-jK,t **Jou+ou+uu Jou*ou

+ l,tu*u rra(urt) .-jKt'rt *. + ['u*u*t6 rrr(ort) "-jKr. dr.Jeu*ou*,ru .*L T 
Jru*o,

- 
fl]-::+,u' rl.("r "-j*' *'ì (2 .7) ,.,¡.,,.,'.

: '.'-:'1.-

. t.,' t '2.9 Cafculatíon of Fourien coefficients fon Â/Å- O_pulse openatíon

The same pnocedune as used in section 2.2 is used hene. Since

the voltage on the a.c. bus is conrnon to both bnidges the use of lt\
i.:.:: ._:; ;-

connection fon the converter tnansformer: fon the second bnidge give phase ,',.,. .',

voltages on the secondany síde in phase with the líne voltages on the
pnimany side and hence advanced by g0o. A ehoise of ß:r tunns natio

::fon the tnansfonmen windings however, ensulles the secondary voltage fon
the a/Å tnansfonmen to be of equal magnitude to LIX tr:ansfonmer. i1;i.:,..j

I'.l l:"t'



The foll0wing table Table 2.2.'illustrates the new fi:nction defin-
itions fon 6-pu1se A/ I openation and the new limits wi.th nespect to
the same fixed r.efenence chosen befone.

The definitiorsof lÍne voltages with rnespect to a chosen fixed
. nefenence aften modification by tl:e 6 /\ transformer turns ratlo are

Fig. 2.5 illustnates 
^ 

and a voltages with nespect to the chosen

fixed nefenence.

iu = î" .o" {ar - $) = v*/iî
 

5n.tb = Vb cos (ot - Ë) = uO"/ß

Ç" = % cos (urt+ f,l = v^^/ñzca

i!.: ...



Star and Delta voltages
with respect to the chosen fixed reference.

f::;-:::

vc

Fig" 2.5



Table 2:2

Definitions of subfunctions and l_ímits fon

:.:l

ltote 0 r =n o -Inb

No I Function Definítion LÍmits
(measuned f::om the same fixed nefenence)

I f](ü)r)=(.í.-ío) 0.tr ttor-
2

v' + v.,
r2(t,rt) = (#- ío) ol+cr:t,lt: oi r0.,*',

3 ra)
D

t
f^(ort) = (vúa 0f +or+u. _< tr;t: 0)+u,

4
v_, + v.

f,.(ot) = (v' - -D c'
+ a ---' 0)+er: urt : 0)+ar+u,

5 rs(ot)=(i-í") 0)+ur+ur: (¡t

6

v,+vL,.
fu(art) = (i2 g- í.) oå*o. f r,lt f oå+03+u3

7 fr(urt) = (?o -í) c
0f +or+u, : orr_* < 0[+ou

I fr(crrt )
. . v'+ v.

=(rb- -ro) o,l nou : rot i o,i +04+u4

9 fn(urt) = (íu -;) a
0[+au+uu: ürt < 0j+o,

10
Y.t ] Yt

fro(urt) = (-=-j- 
"") 0j+ou : ürt : e;nos*rs

t-1 flf(otl=(vá-".) 0f +o,u+u, :rrlt < 0l+au

L2 frr(rrrt) = (v
v. + v_.,ab

-l

2' oi+ou :t,lt: oÄ+06+u6

'.1
frr(urt)=("á-";) 0l+o^+u^ooo-l-
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The new limíts and new defínitions of subfunctions fr(ot)
fra(trtt) ane substituted in equation (2.7) to obtain the Kth Founien
coeffícient fon 

^/A, 
6-pulse openation

An_alternat ive_appnoach :

SÍnce the Kth harmonic in aAlÅ bnídge l_eads that of a L I X
bnídge by (X ' 30o), to obtain the hanmonícs of a A/L bnidge the
hanmonic phasons in ¿ 'L' I L 6-pulse operation shourd be ::otated through an , .,, .

angle of (f ' 30o).

The hanmonics in a 12_pu1se openatíon are sjrrply obtained as
the vectonial sum of the hanmonics in both r( /! an¿ A/), 6_pu1se op_
eration.

2.4 Basis for computer pnognamming

using the comprex Fou:ríen analysis, the integnation of the funct_
lons fl(ot) . . ., rrr(trlt) is a nepetitive summation proeed_
une' The same technique had been adopted by Reeve and Knishnayya fon
a.c. síde cunnent hao*orri.sfr3.

Consider the genenal form

v = V cos (r¡t - 0)

which is expnessed ín exponential_ fonm as

v = åa.r(t¡t-o)n"-j(ot-o), (2.sb)

The definition of the Íntegnal of the function v between any.tlio gen_

enal t_imits L(I), L(I + l) is as foll_ows:

(2.8a)

¡L( r+t )r(r) = l- ,, u-jtu. dr.JL(])



It(r+1) î
= l- T f "j(t¡t 

- e) + e-j(art - 0)¡.-jrurt dot (2.e)Jl(r) L

rL(r+l ) ^
r(r) = f 

-'-''' Y f^-j(k-l)ot 
"-j0 o .-j(x+r)art .jol ar.Jl(r) 2'"

= o.s.î. r"-j't'lä;l#':f:". .j0 =+#"[*",r(r) r(r)
(2.10)

Put
l(r+r)

F11( r "K) = #ï, .- j ( K-r )urt 
I

r(r )

= å (.-j(K-1)t(r+1)- e-j(K-l)t(r)) (2.*)

and

\F12(r,K) = dtt 1"-j(r+r)t(r+1) e-j(K+I)t(r)) e.r2)

The value of the defÍnite integnal I(I) tends to be equal to:

^r(r) = Q.s.v. (.-je . Frr(ï,K) + J j0 F12(r,K)).... (2.13)

Fnom (z.rs) and for dÍffenent voltage functÍons rao rb, rc
!fi .1I¡L(r+r) ^ -Jã iä

r_(r) = f- -ikt¡t- =0.5.v_.(e' rtt(l;x)+eÕrtz(r,x))ra\r,, Ji,trl r" " - d,t

¡L( r+t)
rh(r) = f""'*'ro "-jxr,rt dot = 0.5.vb.(e-lr F11(1,K)+elliFt2(r,K))rr Ji,(r) D

rl(r+l)^j+-j+r_(r) = l- v" e-jlûrt drt = 0.5.vc.(e ".FLl(r,K)+e -r.rtz(t,x))
c Jl(r) 

(2.r4)

,,^
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2.5 D.C. voltage ha::monícs fon a genenal case

To include the effects of hanmonic content and phase imbalance
of a.c. suppry voltages, the phase voltages ane defined as forlows:

N^
' va = 

-:, 
vr' cos (n¿¡t - o.rr)

n=l-

N^
tb = ,,la 

vb' cos (n (ut - fl - eo,rl

'N^
v=f,'c v., cos (n (ot + fi - o.rrl

n=l-

N ¡i,(I+l) ^r(r) = 
,,-la .lr,r, 

vr, cos (not - 0n) e-jr'úrt ¿'t

A gene::ar digital computen prog?am ís ¡¿nitten to carcurate the
Kth orden hanmonic on the d.c. side taking into accounr distontíon and

phase imbalance of the a.c. suppJ-y voltages defined by equation (2.15).
The pnocedune as exprained in section 2.4 is adopted except

that a summation sign in the definition of a.c. phase voltages should
now be intnoduced.

The genenal integnal I(l) in equation (2.9) takes the fonm

rL( r+1) N ^r(r) = ir,rl ,,1, 
v" cos (not - 0.,) t-jKtt d"

By continuity theolrems, summatÍon sign can intercha'ge position 
.

with t].e integrar sign, and then superlrcsiti-on tL¡eoreln can be applied.

( 2.15 )

(2.16)

N ., ^ ¡L(t+t) -i0 . .iê
= 

,,-Ir- i v' .lr,r, (e " n elnot * u'"t "-jnt'rtru-'*t ur.

(2.r7)



r(r) = i + î- ,^-jur, "j(n-K)t'rt 
ttT*t'* 

ojor, "-j(n+x)ot 
l(r+1)

n=r 2 'r, Lu -TGry .L + e ¡¡ _j(n+x) | l
nlK L(r) r(r)

n=K only r(r)
(2.le)

As the functÍons rt(urt) ..., rar(ot) ane fonmed fnom the
combínation of r", rb, r. fon 6-pulse ),1,L openation, on (vj, vf,

"¿) fon 6-pulse A/)- openation, the integnal of any function of these
tends to a combinations of the pnevíousry defined íntegnars ra(r), ïb(r),
I (T)
c

The magnitudes and phase angles of complex Fou¡íer" coefficients
fon both 6-pu1se and 12-pu1se openati.ons ane obtained fon har.monics

up to an onden of (4g).

The t?complex Founien coefficientsrr pnognam ís checked usíng an_

othen prog?aïn to carculate the rrsine and cosine terms'r.

Both pnognams gave the same nesurts fon baranced as welr_ as un-
balanced openations.

The powen fi:equency component and avenage d.c. voltage on the
d.c. side ane obtaÍned by using a sepanate prog?am.

A special prognam is wnitten to inconporate a.c. supply hanmon-

ics.

Flow chants and computen pnoglrams ane shown in Appendix (1).
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2.6 Unbalance panamete::s

fn onde:: to gaín a clean undenstanding of the hanmonic phenomena

on the d.c. side finst, the influence of each as5¡mmetry is studied in-
dividually and laten combinations pentainíng to any neal-istic cases are

examined.

cases of voltage depnession in a.c. suppry ane likely to occur

and in the following logic equations the effect of imbalance of the

fundamental component of a.c. voltage on the magnitudes of conductior.r

peniods ofvalves is studied.

To expJ-ain the notatíon adopted,

r" { = 1öm , ôrr)+ means, both conduction angles fon

values m and n incnease due to a depnession Ín phase (a) voltage.

Fig. 2.6 il-lustnates the effect of vol-tage depnession on the

magnitudes of conduction angles ofvalves in a 6-pu1se openation.

a) !o!tgg9 depnession_Ín ene ghese

. t, * - (0r_, 0u)- + Ø2, 03, Os, 06)+

rb * = (03, 06)- + ( þL, þ2, 04, O5)+

r. ù = (þr, 05)- + (01, ô4, 03, ö6)+

b) Voltagg depnession_in lwg ghasgs

(vr, vo) * = (öt, 03, 02, 06)-

(vo, v") * - Ø2, ô3, 05, 06)-

. (r", v") * = (0f, þr, þu, ôu)-

(02,0g,05,0u)+

(0r, 02, 04, 05)+

(01, 02, 03' oU)*



i.!::t:::\j..+.::.

24

Fig. 2 -6 Effect of voltage depression in phase
(a) on the magnitudes of conduction
angles for valves in 6-pulse operation.

1: ':
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CHAPTER ITT

COMPTNATIONAL RESUTTS

3.1 Genena]-

unchanactenÍstic haz'nonics ane J-ikely to oceur Ín a conventer:

openation due to the following imbalance conditions:

a) rmbarance of magnitude and phase of the a.c. suppry fundamental

co[rponent voltage.

b) Inbalance in ignition angle (q,) al_one o:: in conjunctíon with
othen par"ameters.

.c) Imbalance in commutation angle (u) mainly due to unequal con_

verten tnansformen phase inductances.

d) Harmonic content in the a.c. supply pnoduced eithen during faurts
on due to the ene::gizatio.n of tr.ansformeps.

lly.
Table T'3'l shows the computed results of harmonic content on the

d.c. side in balanced 6-pu1se and 12-pu1se co¡venten openations.
These ha::monics ane multiples of the pulse numben and. ane caIled chanact-
enistic on nonmal_ harmonics.



Table

ChanactenÍstíc han¡nonics fon Ise and 12:pu1se

conventer: o t:ions fon differ"ent conditions

26

3.1

6-

vg^s, = IO0%= (v) R.M.s.(r-r)

Hanmoníc
onden

(K)

6

I 0/o w¿r'l f¡ca È' re=u 0 -0
n c = l_50n u =20-r

6-pulse 12-puIse 6-pu1se 12-putse þ-puJ-se | 12-pulse

3 .858 0.0 7.765 0.0 7. 589 0.0 6.2L3 0.0
I2 0.944 1.88 1.367 2.734 2.923 5 .846 4 .058 8.11_7
18 0.418 0.0 2 .038 0.0 3.722

1.634

0.0 2 .94s 0.0
24 0 .238 0.469 2.I49 4.298 3 .268 l_ .196 2.392
30 0 .150 0.0 1.306 0.0 L.2l-6 0.0 2.005 0.0
36 0.104 0.208 0.452 0 .905 1.851 3.701 0 .866 L.7 32
42 0 .076 0.0 0.889 0.0 0 .916

0.768

0.0 l-.189 0.0
48 0 .058 0.117 1.069 2 .138 1.537 I.072 2.1_45
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If imbalance takes Pl-ace in phase voltages, non-chanactenistic

hanmonícs ane pnoduced. rt was found that imbar_ance in a.c. supply fund_

amentals on imbal-ance in phase angres nesults in only even hanmonics on

the d'c' side of the conventen station. These nesul-ts agree with Reeve
lr

and Baron' .

Table 3.2 shows all chanactenistic and non-ehanactenístic hanm-

onic vol-tages due to imbarance in a.c. supply fundamentar-s.

I

l
!

!f:'.. 'l' ,

I



28

Note: 0n1y even

Table . 3.2

Peneentage harrnonics in d.c. sÍ@

unbalance ín fundamental a.c. supply

hanmonics ane pnoduced

(or, = lso , ün = 15o), (vror, = 
l]¿ 

R.M.s. = 100%)

Hanmoníe
onden
(K)

-5U r-n v
a

-5% in v -v-
(+s% in tí Þ) -59o ín phase

an8le 0"
6-pu1se 12-puIse 6-pulse I2-pu1se 6-pu1se

2 1.115 1 .032 I.1t6 I.932 l_.15

4 0 .178 0 . t-78 0.1_78 0.1_78 0 . Ì178

6 7.63s 0.0 7.s0 0.0 6 .18f

I 0 ,097 0.097 0.097 0 .097 0 .0f75

10 0 .0133 0 .0231 0 .0t33 0.0231 o.o717

T2 1.344 2.689 1.321 2 .643 3 .921

I4 0 .01r_33 0 .01.963 0 .0113 0 .01962 0.0828

t_6 0 .0403 0 .0403 0.0403 0 .0403 0 .0634

l_8 2.004 0.0 L.97 0.0 2.862

20 0 .047 0 .047 0 .047 0 .047 0 .04148

22 0 .048 0.084 0 .048 0 .0839 0 .0054

24 2.II3 4.227 2.077 4.1_55 I .186

26 0 .044 0.077 0 .0446 0.0773 0 .0 236

28 0.0307 0 .0307 0 .0307 0.0307 0 .0397

30 1.281+ 0.0 L.262 0.0 t_.9362
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Figune 3.1- illustrates the magnitudes of d.c. side mean voltage versus

imbalance in a.c. supply vol.tage

Fígune 3.2 illustnates the harrnonic amptitud.e spectra of d.c. side volt-

age depnession in phase (a)

Figune 3.3 illustnates the hanmonic amplitude spectna of d.c. side har.m-

onic voltages due to voltage dep::ession in phases (a), (b),

i.e., voltage ríse in phase (c)

Unbalance in commutation angle (u) du.e to unequal conventen

tnansfonmen phase inductances Ís conside::ed in appendix 3(a) and fig.
3.4 Íl1-ustnates the level of ímbatance of u versus unbalance in in-
ductance fon diffenent operating conditions of o, ü.

3.3 _C:nt¡i"-!i""s of imbalance pal:ametens

The effect of diffenent combinations of ímbal-ance panameter.s is
al-so studied, and in table T. 3.3 magnituces of d.c. sldevoltage hanm-

onics fon diffenent combina.tions of pneviously mentioned unbal-ance para-

metens a¡'e ilfust:rated. Hanmonics up to 24 ane included but the pnognam

is capable of calculating hanmonics up to any nequÍr.ed onder.

i-'

l:::::.i :' :

f.l- . ,'.;, '',

i;.::.jr:'',
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Fig. 3,1 Magnitude of d.c. side mean voltage
versus imbalance in a.c. supply voltages.
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HRRMONIC VOLTRGES IN SIDE

E Normal

to -5s in (v
ô -10s in " 

ttb)
(v.rvo)

Fig. 3.3 Harmonic amplitude .spectra
of d.c. side voltage harmonics d.ueto depression .l_ri phase (a) , (b)(i.e. voltage rise in phase (c) )
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3.4 Effect of hannonic contentr+. -- ¡n. p,cr, pl¡ppfy yoJ.tagg

The effect of hanrnonic content in the a.c. suppry voltages is con-
sidened the most severe case that gives nise to nonFcharactenistic hanm-
onics of all ond.ens and of companatively high level

rnstead of assuning anbitrany hanmonic content, two waveforms re- ,.,,,i,

pnesenting a'c' suppty voltages duning faults are obtained. fnom nesul-ts
of sinulation studies fon the second bipore of Manitoba Hydno.

.ne full peniod of each a.c" vol-tage wavefonms was photognaphicalry t,,,,..,1:,

amprified to a reasonable size, and then divided into 24 ond.inates to ' ''

allow detenmínation of hanmonic content up.to llth ond.en by usíng a
numer:Ícal Founien anaJ_ysis,

. Pigures 3.5.a, 3.5,b irr-ustnate these photognaphs of the chosen
a.c. supply wavefonms,

A.C' hanmonics up to g,th onden ane eonsidened. significant for:
the results in this thesis.

The computer. progr.am T.ras w::itten to be capaþr_è to stud.y any anbit_
nary combinations of har:monics in the a.c. suppry vortages. rn the wonk
done by Reeve and Banon4, only 2nð, and 3nd a.c. side hanmonÍcs were
taken into account and the tneatment of imbalance of a.c" supply voltage
harnonics was nestnictive,

Tabl_e T. 3,4 shows pencentage hanmonics in the chosen a,c. vo-l_tage

waveforrns.

i,,:
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Fig, 3.5 (a) Distorted a.c. supply voltages (phase a)
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supply voltages (phase cl i,:',i:
Fig. 3.5 (b) Distorted a.c.
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Table 3..4

pencent

(vph *u* = lOOa)

Hanmonic
or.der

-t\

Phase (a)
(vu )

Phase (b)
(vo )

Phase (c)
(v )c

I 57.99 /60.0o s-l. ee /60.æ 55.85 /60.0o
2 i_2.3s /s7,s4 12.3s /s7.54 4.84 /57.s4
a L,B /r24 .39 L.8 /r24.3s 6,rB /r24,3e
4 9.2 /2s0.7 9.2 /2s0.7 4.38 /2s0,-t
trJ 3,66 /t_38.35 3.66 /138.3s 4 82 /r3e.3s
6 L,6r /76,0e 1. 6r /76.08 0.088 /76.35
7 1. es /107.09 t.99 /107.08 r_ . 69 /76 .08
o 9.9 /94,73 9.9 /94,73 0.61- /107.08
I L,6 /29,46 L.6 /29.46 I.62 /29.46

The a'c' dístorted supply voltages ane cl-assified on account of hanmonic
content into balanced and unbalanced.

Bal-anced Case:

The 3-phases þ¿1¿s the same hanmonic content (magnitude and
phase angle) as phase (a)

Unbal_anced Case:

The phases (a), (b) ane chosen to have the sameharmonic qcntent
while phase (c) has diffenent magnitudes of hanmonicso and. for simpric_
ity the phase angJ-es ane chosen same as fon phases (a), (b).
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Figs. 3.6a and 3.6b il-lustnate a.c. supply wavefonms for the two

classified cases of balanced and r:ribalanced a.c. harmonics.

The resultant d.c. side voltage ha::monics due to both cases of

unbalanced and bal-anced harmonic contents in the a.c. supply ane calcul-

ated for 6-pu1se and 12-pu1se conve::ter openation.

Table 3.5 shows the levels and o::ders of d.c. side voltage

harmonics, produced by the balanced and unbalanced a.c. supply wavefonms
1: :. ;,.: ,

shown in figs . 3 . 6a and 3 . 6b. i'..',',',-,'

As a nesul-t of a distorted a.c. supply, the d.c. síde voltage

will- contain harrynonics of diffenent orde::s and magnitudes.

. It was found that the d.c. side voltage contaíns dominant t:ripl-

en hanmonics pr:oduced. on account of high level-s of even harmonics in

a.c. suppJ-y voltages. The ba.lanced case of harmonic content in the a.c.

supply voltages l-eads only to tripl-en d.c. side ha::monic volt.ages.

i
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Fig" 3.6. (a) A.C. supply voltage waveform ¡n account
of balanced. a.c. harmonics.
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Fig. 2.6 (b) A.C. supply voltage waveform
on account ofunbalanced a.c. harmonics.



Tabl-e 3.5

D.C. side voltage harmonics in percent on

account of balanced and unbalanced a.c. hanmonícs

(vnosn = vd.r, = 1.35 x (vr_r)R.M.s. = r00eo)

r;.1'.1 1í -' I:i.. :: rì : -]i..' -'"-;_.:.: :r i:.: r -

?o

i:::

1.,:
l

Hamonic
onder

n

v_
d

_ 
(Balanced a.c. hanmonics)

td
(unbalanced. a.c. ha::monics)

6-pulse 1.2-pulse 6-pu1se 12-puIse

I 0.0 0.0 2.99 4.9
2 0.0 0.0 !.72 2.98

:
4

2L 54 30.44 17.47 24.62

0.0 0.0 L.02 I.024

:
6

0.0 0.0 2.OL 1. 04

6.277 0.0 6. 35 0.0
T 0.0 0.0 0. 255 0.132
I 0.0 0.0 0. 28s 0. 28

E I.24 1. 756 1. 04 1.48

l_0 0.0 0.0 0.264 0.44
It 0.0 0.0 0.131 0.248
L2 3.s 7 .0038 3.47 6.94



The d.c. voltage hanmonics will act as a harrnonic genenaton,

and the wavefonms of such gener"aton fon balanced and unbalanced a.c.

supply har¡nonics ane studied {on 6-pu1se and l2-pulse operatÍons.

The har¡nonic genenator waveforms ane shown in fígs . g.1.a, 3 .T.br 3.g.a,

3 .8.b

Fon illustnatÍon, a discnete amplitud.e spectna of d.c. voltage

harmonics is shown in fig. 3.9 fon 6-purse conver-ten openation.

cases of odd and even a.c. supply hanmonics ane considened sep-

a::ately and the resulting d.c. síde harmonics are obtaíned. fon each case.

These cases ane similar to those studied by Reeve and. Banon4, and ne-

produce the same nesults

3 .,1 5' Conclusions

a) fmbalance of ignition angle (a) alone on in conjunetion

vrith other parametens pnoduce a whole spectnum of d.c.

side ha:rmonics

b) fmbalance of a.c. supply fundamentals pnoduce only even hanm-

onics on the d.c. side of conventen.

c) odd a.c. supply hanmonicso if balanced do not add any non-

chaþactenistic harmonics, if these odd har.monics are un-

balanced in the 3 phases of the suppry, they ad.d. to even

ha::monic ondens on the d.c. side of conventer

d) Imbal-ance in commutation angle (u) pnoduce the whoLe

spectnum of d.c. side voltage harmonics.

e) Even a.c. supply hanmonics pooar.r." a spectnum of odd d.c.

har"monics on the d.c. side, and in case of balanced. even

.a.c. hanmonics Ín the 3 phases of the supply, only tniplen

har:monics are produeed.

,;r-ìi.it::;¡;r:;i,:i ;: i:1-,: i:lt i. iri,t: ,,:ì:i i.ì 1i..-i::r':..:.!"::,î,,:::,,:i"i-.r:tr|.:¿:'.,;::: i.1.ìii::1
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Fis. 3.7 (a) D.C. side harmonic generator waveformfor 6-pulse operation on account of
bal_anced a.c. harmonics.

(b) D.c. side harmonic Aenerator waveform:
-fot 6-pu1se operation on account of un-bal_anced a. c. harmonics ,

l:l -l::'

Fig.3.7



GENEBRTOR HÊVEFUNTI

': ::

42

.:.

3.8 (a) D.C. sid.e harmonic generator
waveform for 1-2-pu1se operation
on account of balanced a.c; hêrmonics.

,lt t

c,.ê
o1

HÊRMONIC GENERRTOB hIRVEFORM

D.C. side harmonic Aenerator waveforrn
for l2-pulse operation on account of un;
balanced a.c. harmonics,

Fis. 3.8 (b)
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3.9 Discrete harmonic amplitude spectra
of d.c. voltage harmonics for 6-pulse
operation.
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f ) rn al-I abcn¡e cases' the chanactenÍstic hanmonics , 
:

which already exist duning nonmal openation are pract_

ically of the same magnitude, irê., the as¡rmetnies do
:

not modify these hanmonic to a 1a:nge extent.
- ::::r
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CHAPTER IV

CALCULATTON OF D.C. STDE HARMONIC

CURRENTS

4.1 Intnoduction

In Chapten 3, the d.c. side voltage har:monics a::e calcul-ated fo::
vanious as¡rmmetnical'conditions. rn the followíng analysis these d.c.
side voltage hanmonics ane reganded as hanmonic sor¡::ces, and fon both
6-pulse and 12-pu1se conventen openationso the cu:r::ent hanmonics in
filtening bnanches and tnansmission Iíne and al-so the voltage d,nop acnoss

fi]-tens ane cal-cuLated.

In this chapten a pnoced,u:re is established fon the calculation
of harmonic cu:rnents in va:rious components incr-uding line on the d.c.
side of a converter. The hannonígs ane genenated. due to various as5rmmet_

ries discussed in chapten 2 and 0.. The resur_ts of this chapten for the
sake of compactness deaJ- with the hanmonics genenated due to distontion
in the a'c' Ì^Iavefcnm only, which anyhow pnovides the most severe case an.
causes system bneakdown

Refenences [7r8] show the pnocedune adopted in calcul-ating d.c.
side hanmonic cunnents; Mor:eoven, the procedune had been erabonated in
Appendix 2.(a)

Thene ane two main neasons for calculati the harmonic cunnents on the
d.c. side:

(a) Determining the rever of hanmoníc cunrents th:rough the 6th arm

and t2th anin filtens and the voltage dnop acnods filtening b::anches

ane needed to set up the pnotection cincuits for: the fil-tens. Manitoba

l',.¡.



Hydno has expenienced tnÍpping of 6th ar?m

energization of generator transforners wtrictr

pcnyer flcn^r th::ough tt¡e d.c. pole.

Although this occur"s und.en centaín specific conditions of sys-
tem connection and system configur"ation, the main neason is
the high levers of hanmonic cur.nents on the d.c. side pnoduced due to
extr:eme distortion ín the a.c. supply voJ-tage wavefonm. The nesur_ts of
this chapten provide a basis fon anaÌysing these fault conditions and

othersanisíng fnom vanious as5rmmetnies in the system openation.
(b) Harmonic cu::nents cause intenference with the tel-ecommunication,

especially noise in the telephone r-ines. so, the levers of hanmonic
cun:rents should be r:eliably pnedicted to pnovide sufficíent filtening
and shietdÍng.

At high ha'moníc frnequencies, the d.c. line is electr.ically 10ng.
A nepnesentation of the d.c. line as a ]umped (n) section is accepted
fon finst appnoximation' The (r) section panametens for- diffenent
hanmoníc ordens ane shown Ín Appendíx 3, (b).

The hanmoníc cunnent cornespondíng to each hanmonÍc vor-tage i_s

computed and the principal of supe'posítion is used to sum the diffenent
hanmonics to a net nesur-tant cunr-ent in the fir_tens and d. c. ríne.

Although the pnocedure adopted in cal-cu1atíng d.c. side harmon-
ic cunrents are illustrated in diffenent neferences 7rg, but the tech_
nique adopted hene in reganding the pr"obÌem in the steady state háË never
been used' to authonrs knowledge, to calcu.r-ate filten cunrents and vol_t-
age acnoss filters.

46

fiJ-tens sometímes due to the

lead to an intern:ption of

ir.o¿:
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4.2 Basís fon calculations

For each har:monic onden, the ha::monic voltage
voltage sounce, and the system impedance is calcul_ated

ing hanmonic.

The foll_owing steps ane used.

cu::rents thnough the fíltens and d.c.

filtening bnanches:

Refer to fig. 4.1- fon var-ious impedances and admittances.
(1) trrr(*) = Ypï(K) + r.o/zp{K)

(2) trrr(*) = 1.o/yprt(k)

(4.1)

(4.2)

(+. s)

(+. +)

(4.s)

(+.0¡

(4.7 )

(4. s)

(4.s)

(+.ro)

(4.11)

(4.12)

( 4.13 )

(4.14)

(4.ls )

(+.ro)

(3) zPrL(K) = Zplr(K) + zr(x)

(4) rrr.(*)

(s) Ypri.r-r(K)

(6) trrrr(*)

0 ) 
'rrr.r(*)

(8 ) YF(K) =

(9) ,ror(*) = Zpllr(K) + zL(K)

(10) tror(*)

(11) tror(*)

(12) rF(K) =

(13 ) 16(K) =

(14) rrz(x) =

(ls ) rr,rmr(K)

(16 ) vF(K)

L.0 /ZTOT(K)

= f .o/zpl.lß)

= Ypll,(K) + vrr(r)

= YPrLr-2(r) + Y6(K)

= 1.O/YprLF(K)

Y6(K) + Yrr(K)

= V(K) . YT.T(K)

rror(*) . Yr(K)/YPTLF(K)

rF(K) . Yu{x)/vr{x)

rF(K) - urr(x)/YF(K)

= IT.T(K) - IF(K)

rF(K)/YF(K)

ín the pnognan to calôul_ate hanmonic

líne, and the voltage dnop acnoss

is actÍ.ng as a

at the connespond-

I.i 1 .'.: '
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. where

ZLß) = jK,rL
(3.17)

z6(K) = R6*j.(.(urtu_ 1l
,c6' (g.lg)

. zr2ß) = R12 t j'K' (t^rtr, - 1 I

^cr2' 
(3.19)

and v(K) is the Kth onden har:monic voltage on the d.c. side.

Analysis of the results

on account of bal-anced' and imbalanced hanmonic contents ín the
a'c' suppry, harnonics ane genenated in the d.c. sid.e voltage. These
ha::moni-c voltages ane car-culated ín the case of 6_pu1se and .2_purse
openations (nefen to table 3.5 in Chapten 3). By consider.ing these
han¡rionics as voltage sounces, filten cu¡r.ents, voltage dr.op and líne

' cur-r-ents ane calcur-ated. ín case of 6_pu1se and l2_pulse conventer
openatíons.

Table 4.l_
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Table 4.1 Pencentage hanmonic content in d.c. side
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Figu:res 4;2"(a), 4-2.(b) i[ustrate the 6th anm filter cur.rent wave_

fonms for balanced and unbar-anced a.c. supply hanmonícs fon 6_purse
operation"

?he d-c. side ha:rmonic'-cunnents had been dete::mined using a
poÍnt-by-point digítal sÍmulaton by Dn. K.s. Rao, Dr:. R.M. Mathunr0.
For illusrration the 6th arm filten cunnent wavefonrn obtaÍned. by the
simura.tor is shown r";. a.2.(c) for: the same case of balanced, a.c.
supply harnronics

Figunes +'3"(a), (b) nepnesent the 6th anm fir-ter cur.rent r^rave-

for'¡ns for balanced. and unbalanced a.c. supply harmonics in case of 12-
pulse openatíon

. Figu:res r+.4.(a), (b) ilrustnate the 12th ar^m firten cunnent
wavefo::ms fon 6-puJ-se and 12-purse on.o.alll, on account of unbar-
anced a.e. supply ha:rmonics.

rn table T.4.2 the d.c. s.ide cunnents ane car-culated for L2-
pulse openation

t:'-: j '.

i......

,_ .l .. ... :



balanced a.c.

unbalanced a.c.

Fig. 4-2(c) 6th arm firter current waveform obtained usingthe digiÈal simulator for balanced a.c.
harnionics (6_pulse).

l_:r:

6TH.RBM

Fig. 4.2(a) 6th arm filter current for
harmonics (6-pulse)

6TH-ÊBM CUBRENT I,,IÊVEFORM

Fig.4.2(b) 6th arm filter current for
harmonics (6-pu1se)
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a.c.

i;.1'

6th arm filter
a.c. harmonics

current for unbalanced
(12-pu1se operation)

o0

Fis" 4.3 (a) 6th arm filÈer current for balanced
harmonics (l2r_pulse operation) .

6 TH-RRM CURBENT HR VEFORM

Fig. 4;3 (b)



s'ie" 4"4 (a) I2th ann filÈer current for balanced
a.cn harmonics

(6-pu1se operation)

12th arm filter
a.c. harmonics

current for unbalanced
(I2-pulse operation)

I 2ïH-ÊRM CURRENT NRVEF0BM

Tís. 4.4 (b)
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Table 4.2

f il-ter"s

Balanced

.)

0. O/qo
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0.0¿Q_

5
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Pencentage hanmonic content Ín d.c. side
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Figr::resa.5.(a),(b)showthevo1tagewavefonmsacnossthe

filtening br:anches fon 6-pu1se and 12-pulse operations on account of
unbalanced a.c. supply ha::monics.

A cornparison is rnade between the effective R.M.S. values of filt-
ens and line cunrents duning nonmal and abno::mal openatÍons. The effect-
íve R.M.S. value is calculated as

r- . = Æt?.-R.M. s. '; 'K

Table T.4.3. shows the calculated values of. 6th ar:m and 12th ar?m

filtens and line cu:rnents fon both nonmar a¡¡d. abnonmal 6-pu1se and

12-pu1se converter openations.

i.ir t t.i



FILTER PERCEN T

Fis. A"S (a) Voltage across filters on account
of unbalanced a.c. harmonic,t

(6-pulse operation)

Fig. 4.5 (b) voltage across filters on accoùnt
unbalanced a.c. harmonics

(L2^pulse operation)
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Table 4.3

Pencen e effective R.M.S. Value of d.e. side filtens and line cunnents dr¡:ri

nonmal and abnormal- tions fol: 6- and 12 e converters

(t*r" = 1800 amps)

Case
6th arm Cunnent (IU) 12th anm Cunnent (trr) Line Cu::nent (I- )L
6-pu1se 12-pu1se g-pulse 12*puIse 6-pulse I2-pu1se

Normal openation
(only chanactqristic
ha::monics )

0.8125 0,0013 0.2652 0 .1562 0.00733 0.00081

Abnorrnal openation
(on account of
r¡nbaLanced a.c.
harmonics )

l_ I 6004 '1i619 0. 5084 0.8236 4.238 6.002

,i'iiL:l.
ll...l



Table T.4.4 shows the nagnitudes of ha:rmonics

across filtening bnanches fon 6-pu1se and 12_pu1se

both balanced and unbalanced cases of harrnonic content

in the voltage

openations in

in the a.c. supply.



Table 4.4

and 12_pu1se operations

(Vnas' =dN = 100å)

( tgAstr = rd.r, = 18oo AmPens )

Harmonic
0nder

(K)

6-pu1se (Vt 12-pulse (V;l

Balanced Unbalanced Balanced Unbalanced

I 0.0 0. 0068 0.0 0. 0112

2 0'0 0.0099 0.0 0.0j-72
â 0.303 0.245 0.428 0.34

4 o'o 0 .109 0.0 0 .108

5 0,0 0. 397 0.0 0.024

6 18. 64 18. 87 0.0 0.0

7 0.0 0. 0108 0.0 0.0054

I 0.0 0. 002 0.0 0.00196

I 0.22r 0.0008 0. 013 0.00114

10 0.0 0.o22 0.0 0. 0386

11 0.0 0. 0102 0.0 0. 0196

I2 4.168 4.134 8.33 8.27



Figunes a.6.(a), (u) represent the d.c. ]-ine cu::nent wavefonms

in case of 6-pu1se and 12-pulse ':operations on account of unbafanced

hanmonic content in the a.c. supply voltages

Figu:res 4.7, 4.g ne¡rnesent the ampritude spectna of 6th arm

and 12th a::m filter cuï-rents for: 12-pu1se openatíon on account of un_

balanced ha::monics in the a.c. supply voltages

Figune 4.9 nepnesents the amplitude spectna of the hanmonic gen-

enaton and voltage across filtens in case of l2-pulse openation on

account of unbalanced har.monics in the a.c. supply voltages.

A speciar case, when the 6th anm filten is out of senvice in
a 12-pu1se openation was studied. rn table T.4.5 the ha:rmonic cunnents

and voltage acnoss the 12th anm filtelr are cdtcur-ated fon I2-purse
openation.

61
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Table 4.5

Pencentage hârmoníc cu:rnents and

voltage acnoss filtens when 6th arm

filten is out of serviceo in l2-puIse

converter oper.ation

LO09o

LOO% = 1800

v_
dn

ï_
dn. ^ìI;:::

i'::.:..'

'Hanmonic
o::den

12th anm cullrent (Irr) 12th arrn voltage (V.0, )

Balanced Unbal-anced Balanced Unbalanced

I' 0.0 0.0326 0.0 0.0

2 0,0 0.02r_1 0.0 0.0

3 0.2517 0"203 0.02096 0. 0169

4 0.0 0. 0165 0.0 0. 002

5 0.0 0.037 0.0 0 .0058

6 0.0' 0.0 0.0 0.0

7 0,0 0.0098 0.0 0. 0052

I 0.0 0.1306 0.0 0. 0026

9 0. 2944 0.248 0.1575 0. 0488

10 0.0 0. 037 0.0 0.I32

11 0.0 0.0126 0.0 0.0076

12 0.2667 0.26477 I .376 8. 265
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Figune 4-10 and table T.4.6 illustnate the d.c. cí:rcuit hannonic

Table 4.6

D.C. cincuit hanmonic ìmpedance

.v_
1 P.u = 172 ohms = (#)

d.n

Har¡nonic
onden

(K)
t 2 3 4 5 6 7 I I 10 1l_ L2

Z system
(p.u. )

15.85 4. 85 6.25 11.10 3. 58 6.55 9.26 L2.87 29.69 4. 69 10.53 13.11

*z ].oop
(p.u. )

20.4 7.82 2.54 0.954 3.82 6. 55 9. 67 15.52 19.76 6. B1 10.67 13.11

fs ZLoop nepnesents the impedance of the loop fonmed by 6th arm,

l2th arm filtens plus the damping neactor (O.SH)



Fig. 4.Ll Tlpical record.ed
pole voltage and
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4.4 Conclusions

The distorted a.c. supply waveforrsconsidened in Chapten 3, have

dominant even harmonics which pnoduce high 1eve1s of odd hanmonics on the
d.c. side voltage.

The d.c. ci::cuit inpedances have lcn¡ values for scrne of these

hanmonic ondens (2, a' 5' 10), which cause high magnitudes of har:monic

cu::nents to flow thnough the 6th anm and l-2th anm fílters. rn tunn

the voltage dnop acl?oss filtening bnanches could exceed the threshhold of
pnotection circuits fon fí.ltens, which causes the tnippíng of filtens,
hence blocking of the whole d.c. pole.

Fig. 4.11 irlustrates typical necorded. wavefonms of 6th arm,

12tÈ anm and une cunnents d.uning ovenloading, fon Manitoba Hydno

Ne]son River- D . C. Scheme

rn thís chapter" it ís shown that for a given a.c. supply wave-

fonm, hanmonic cu::r:ents on the d..c. sÍde cour-d be car_cur_ated.
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CHAPTER V

EXPERIMENTAT INVESTTGATION OF THE HARMONTC PHENOMENA

5.1 fntnoductíon

rn chapten g' 4 it has been shown creanly that a.c. supply volt-
age distontion is the majon cause fon the genenation of hanmonics on

the d.c. side of IIVDC converters.

ïmbarance and distontion ín the a.c. supply voltages occur? mainly
duning tnansíents and fault conditions which usually last fon many cycles.

Tt was expenienced that unden cer:tain configunations of the inte::-
connected a'c' system' cases of highly dístor.ted a.c. vol-tages take p¡-ace

subsequent to the enengization of polier tr-ansfonmens d.ue to thein in-
::ush cun:rents.

The voltage distortion ís accel-er ated if the transfor.me::s to be

ener"gized are l-ocated at the fan end of a tnansmission line as in Kettl_e

Rapíds of Nel-son Riven scheme. The distor.tion d.epends on the instants
when the t::ansfonmens are ener"gized and ne_ener"gízed, since the magnit_
udes of the ínz'ush cunnents a::e dependent on the magnetic state of the
tnansfonmen magnetic cor e and instant of enengization ¡ the innush
curuent effects ane , thenefo::e, not repeatable but we must concern oun_

selves with the wo:rst situation.

rn connectíon with tnansfor"men enengization it was anticipated
that simul-taneous enengization of two panalrel connected t:ransfor.mer

banks pnesent an added complexity in that if the magnetic states of two
banks are dífferent, an oscill-atorny inte:rchange of innush cunrents takes
place whích tendsto sustain the a.c. vol-tage wavefor.m distontion for. veny
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much longer time and that the total curuent in the collector: 1íne Ís not
the simple phason additíon of the cunrents ín the banks.

The investigation taken up in this ehapten is to venify the

' above by conducting simpre tests in the l-abonatory to simulate the field
conditions as best as possible.

5.2 Expenimental set_up

Fig. 5.r- Ílr-ust::ates the cincuit diagram, whene the a.c. supply
is neplaced by a synchnonous gene¡-aton d.r.iven by a d.c. moton. A syn_
chnonous genenator was chosen to simulate the l-imited por^ren sour.ce be-
hind the a.c. bus. Use of normal a.c. 3_O strppÌy genenates an j¡rfi¡_i_te
bus. condition.

The generaton ís fed through a set of inductons. A g_o vanÍac
was employed fon adjustable val_ues of inductor.s.

The experiment is penfonmed in two cases, fÍnst: tnansfolrmeïa

banks are connected in ,L lr, second.: they ane connected in ).,1¡-, The
tnansfonmens second.anies are open cÍncuited.

The neutnals of the banks ane connected through a vaniabre ne_
sistanee to the neutrar- of the supply to simurate eanth nesistance.

The innush cunnent wavefo::m was dÍsplayed using the finst channe-l-

of a 2-channel stonage osci]Ioscope and a resistíve shunt of 4 ohms.

The phase vortage wavefonm is dispJ_ayed using the othen channel
of the storage oscir-loscope withJ-:10 r.esístive voltage divíder.

As shcr¡¡r in fig. 5.1 3-po1e switch (sr) is provided to alr_ow
isol-ation between the two tnansformer banks, anothen singre pore switch
(S2) ís pnovid.ed to disconnect the neutnal wine.

The natíngs of the cincuit elements are shown in fíg. 5.1.
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5.3 AnalyÈis of the nesul_ts

number: of tests wene penfonmed using the set-up of fig. 5.1.
rn the following panag:raphs some of the ::esults are presented and dis-
cussed. whicb lead to intenesting conclusions.

a) the innush cun::ent rravefonms last fon a comparatívely mueh longen
time in case of panalLel connectíon of tnansfonmenso in oun expeniment
fon mor:e than g tirnes as companed.to ene:rgization of a singr.e bank.

Figu:res'5.2r 5.3(a) show the cu:rnents ín ease of one bank and

two banks of tnansformens duning ene::gization (tr.ansfor.men banks a:re

connected in .Å/¿).

Fig. s.g(b) shows the cur:nent in case of 2-bank energization
(tnênsfonmen banks arle connected. in ),tA>.

Fígunes s.4, s.5 show the details of innush cu::nent in case of
enorgízation of one bank and 2 banks (transfonmer ane connected in
Ltt >

Figu:res 5.6' s.z show the'details of in:rush curuent in case of
enengization of one bank and, 2 banks (banks are connected. in AlAl.

b) A high dístontion Ín the a.c. vor-tages lras found especiarly in
case of the neutnal connection of the two banks whire the genenaton

neutnal_ is isolated.

The voltage distontion in case of 2-pana11e1 banks was found
to be highe:r than ín case of one bank alone, figs. 5.g, S.10.

Fígune 5'8 shows the phase voltage wavefo::m r^¡ithout distontion.
FÍgu:res 5.g(a), 5.g(b) show the distonted phase voltage in

case of one bank and two banks (banks ane connected in AlU.
Figu:res 5.10(a), s.r-o(b) show the distonted phase voltage wave-

rre connected in ÀZÀ1.
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Fig. 5-.8 Phase voltage wavefo::m
(no distortion)
5v /riiv
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c) Fnom figu:res 5.6 - 5.7 it appears that the ha:rmoníc content in
the innush cunrent waveforms a:re mainly tniplen ha:rmonics

d) rf the neutral wí:re is connected. to the generaton neutnaL th:rough

a nesistance, a.c. supply voltages ane al-so d.i.stonted.

e) The inductance, in the a.c. ci::cuit plays a najon nole on the
leve1 of distontions on the a.c. supply, and hence a highen diçtontÍon
of the tnansfonmers are located at a distance fnom the a.c. bus.

' f) In case of abscence of a neutnal- wí::e between the tnansfonmen

banks and genenaton neutnal, highly distonted vol-tage wavefonms ane ob-
tained.

5.4 ConclusÍons

' Although the expeniment was limited and in the abscence of a point
on wave switch, a1I nesults corresponding to a known instant of switch_
íng could not be obtaíned, it is neventheless shown cÌeanly that the in-
::ush cunr:ent du'ing energization of intenconnected a.c. side tnansfonmens

can cause a severe distontion in the a.c.'supply wavefonms, which in
tunn pnoduce high magnitudes of hanmonics on the d.c. side of a converter:
station

,'l

The nesults obtained fnom the expenimental ínvestigation highry
necomrnend that the genenatons and the neutnars of tnansfo:rmen banks be

solidly g::ounded to mini¡nize the disto:rtion Ín the supply vortages due

to ín:rush cunnents.

It is notewonthy to mention that the distonted a.c. suppry wave-
fonms which had been anaryzed in'chapten 3 look to some extent similar^
to the voltage wavefonms obtained fnom expenimentar- analysis.



CHAPTER YT

6,1 Genenal

The nain objective of an assessnent of the r-ever- of d.c. side
voJ-tage and cunrrent hannonÍcs unden any combl.nations of Lmbalance para-

. 
meter:s has been successfully acheived.

No'rnal Ímbarance of conver:ten is a steady-state pnoblem an. as
such the thr:eatment of this thesis is fully justrfied, The imbalance and
distontíons of the a.c. bus voltages whrch a:r,ise on account of a.c. sys-
tem distunbances, such as thnee - phase faults and inr:ush cunnent caused
effects due to the enengizatíon of genenator tnansfor:me::s, are found. fnom
field neconds and expenimentally on a ned.uced scale nodel in the rabonator..y,
to last fon a significant dunation of time. The steady-state app:roaeh
is considened quite satj.sfactony for a1I these cases,

The nesults of this thesis ane computed veïTr economicaJ-ry as
companed to the investígation of the same problem on an anal0g on digital
d''c' sinulator and yet the neliability of the nesuLts is not signifÍcantly
influenced.

For the analysis of thís thesis
pnesented as ideal_ switches and the a.c.
to obtain the hanmonics using a complex

domain.

the conventen valves r¡rene re_

supply waveform was analyzed

Four:ien analysis in the fnequency

The analysis cover"s both the 6 and

conventers,
L2 pulse openation of



6'2 Pt!' Si¿e Harmonics

It was found that dåffenent unbA].ance pat?êÐeterg giye .rise to
dlfferent harrnonLc specb:e on the drc, side

The foLl-owi.ng cases weæe studj.ed¡

a)

unbalance Ín ignitlon angJ-e sepanateJ_y or: in eonjunction with.
othe:r dístnibances, pnod.uce a complete spectrum of d.c. side harmonics.

b) Unbal_ance ln cornmutation angle (u)

This unbalance a:nises due to unbalance in the leakage ï.eactance

of tnansforner?s. This type of unbalance nesurts in a spectnum of alr
harrnonÍcs on the d,c. sid.e.

ç) Unbalance in the a.e. supgf¡

(i) Voltage imbalance in any one phase of the a,c. supply

nesult- Ín a spect:rum of all even harrnonícs.

(ií) Phase angle ímbarance i.n a.c. suppry pnod.uces a spectrum

of even harrnonics on the .d.c. side.

(iíi) Even hanmonics in a,c. supply pnoáu.. only odd ha:rmonics

on the d.c. side, and if the even arc. supply harmonics ane baL:
anced in the th:ree phases they nesult in tniplen hanmoni.cs on

the d,c, side,

(iv) Balanced odd a.c. supply ha'rnonics dg not contnibute to
any unchanacter:istic d.c. side hanmonics,

d) ModÍflcation in chanactenistLc hanmoniq,s

Most unbalance panametens practicalry d.o not modify the mag-

nitudes of the chanacter.istlc hanmonics

.:!::-.:.:-[;.1:,::".: :-t:,::-.::-j:::-.:.:i"::,a-.:.1.:::|¿.,N::-j,;îi_:¡1::::,::;.,î{:a:i
."::l
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6.3 9eneraå CgnclusionF

It is found that the non.cha?actenístic hannonics ane genenally

small- in neLation to the J-ower o::dens of cha::actenistl.c harrnonics, but

they cannot be ignoned,

üpon calculation of the d.c. slde harmonic cunnents, it was

found that the aggnegate effect of the whol-e spectrum of non-charactenistíc

harrnonics is most pr^onouneed, due a low impedance of the d.c.
cincuit at ce::tain fnequencíes,

Thêse rìorl-chanactenistic harmonics exceed the norrnal tolenance

in the natings of the filtens and. also the noise and Íntenfenence l-evel-s

fon communication linesr

The cases studíed for a.c. vortage distontions showed. wonst

ovenloadings of 10,000 ? for 6th aprn filten and 500% fon

12th arm fil-ten.

Such studÍes of pnoblems involving computation of the l-evels of
d'c' side hanmonic voltages and cu::rents arae negarded. extremely useful
as a stanting point in the specification and design of adequate filten-
ing and shielding on the d.c. side of conventen stations,

The d,c. side hanmonic cunnents into any d.c. fir-ten on the d.c.
line will depend on the i.npedance of the d.c. sid.e seen fnom the converl-

ten statÍon d,c. terminal-s.

The repnesentation of the d.c. l-ine fon diffenent har:monic ordens

is difficult o and only lumped pa?ametens could be specified to tnans-

mission line impedance and admittanceo usualry these parametens al?e

obtained fnom expenimental analysis.

The assumption of an open loop analysis as used- in this thesis may

need modification to include the seeondany feedback and contno1 cíncuit

..1¡ì:,:i i,_-;¡:ìt¡f z: ;:.:::1 :!:,:îiíi¡i:ÍÌ-ì.:i".ÍtJ

ônou

i :.::-
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effects,

This work couJ.d be consldered eÊ a f,irst appnoxùnation of the

problen of ccrnputing the ha'r¡nonics on the d.c. sl.de of conver:ter: statl.ono

also Ln explainfng'the theoretical aspects about genenatLon of non-

chanactenistic d,c. sj.de har,monics. i:,.:

i.
t:
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APPENDIX I

FLor"¡chant and ational- fo? d.c, Éidé ltoL e har"rnonícs

The cal-culation of the conventen d,c. voLtage harrnonics is done

usLng the complex Fourier: coefficients appnoach. Thene anç..tr+oreasons

for wonkíng the pnoblern in the fnequency domain instead of the tLme donain:

û) The magnitudes of Fou::ien complex coefficíents represent dÍnectly

the ¡nF1ítud.es of the harmonic voltages.

Q) The sirnplicity of tnansfenning integnals in a closed fonn to a re-
petítive pnocedu:re of summations.

' The Pllogran is checked for: the balanced cpenation of the conventen

bnidge whene only chanacte::ístic ha::monics are pnoduced. A special

Plroglram is mritten to cal-cufate the mean d.c. voltage and the fundamental

harmonic component which was found to be pnactically neglígibIe.

To include harmonic content in the a.c. supply wavefonm, anothen

pnognam is wnitten to accomodate the extra a.c, supply harrnonics besides

the fundamentals. This program is al-so checked fon the balanced operation

when only the characte:ristic ha::rhonics ane pnoduced..

rn the following, a simplified fLowchant is shown. Laten cop-

ies of the thnee pnograms used. fon calculating the d.c. sÍde voltage

hanmonics ane appended.
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READ , DATA
0 , cl ,L ,y,

AarÂu

DETERMTNE ),1 X
VoÌtages 6 Limits
of integnation

6-pulse harrnonics

SHrFT X/ X
Hannonics by
+K:lc3oo ) to
obtain 

^/ 
Å

DETERMINE A/ X
Voltages 6 New Lim-
its of integnation
I,t.R.T. same fixed

CAICULATE A/ À 6-pu1se

Hanmonics

ADD VECTOR]AIIY TO

^l ^ 
hanmonics to obtain

1-2-pu1se hanmonics

PRINT OUT
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l_(9)=Hs(F-r¡(-)¡.X
L ( I C ) -r-r,:= ( i-: í-ì ( ã ) +X ( ;j
L ( I 1 )=!{t^(ÊlE(â | +Y t (

+x
+x
+x
+Y

+U(5))
)

L
t_

) ) =t-,* ( f.jLr (c, ) +X ( ¡_¡ ) +u( Á ! )
3 ).--H-+XI 1 ) +i I "O+pI /6"O

/6 "4iV5=P
7ã=CV=[.X(0a0.r¡r5)
/.25=-,7.''
'.V6=5¡O¡r'---1/a.oO
76=C '/f--l_ X ( O , O r \ri., )
7Za:_-_l!.
,r;7 

= -fr l, / a, o ()

7. 7 -:f- r,'ll:1. X ( l) I O r ì'r 7
7 77=-77
'/-ll=-(K-l )*L( I+1
7 L=C. ¡.¡r:L \ ( 0 ¡ 0, ,., I
"rtl=- ('<.-i ìr,t-{ I )
7 2=C r,ttrf. X ( {; o'1 .,, 1
w l=-( (+ l ) t.t_( I +i
7. 3 = CVPI.. X ( C c tJ r,,,/ _j

ìd4=-(({1)*L(l)
74=C ¡¡r-rl_ Yl0 rO r iJU4

1r0
ltl
11)
1l.l
114

F 1 1 ( I r r, ) = ( /,/ ( K - I ) ) xI l? ( J c !. ) = ( / / ( u: + 1 ) ) *
II ( I )=Oo5{ y¡t.r':(CÍy.[)
I,)( I ) =O.rr:' V2\rr( ( C::Xf)
I .l( t ) =ôn f-:* \r J1't -, ( C:- X{)

cÌxP( 7l )-crYp(7?_),)
c=xD ( 7 .1 | -CtrXr. { 7_4 | |
7 7q'*tr-l : ( I !K ) +cTXÐ( 75) +FI;r ( Lr< ) )
7 /.:\ r1f 11( LK ) +6..:X) (7t> ) À,l:12 ( Lx ) )777l^ t-1i ( I ¡K ) +CFXrr ( 7.Tl'. Fl2 ( L K ) )

1i))+I-l(11)-

crf,,j Tl\u.
V(()=(L.O/

xll(ì)-(lf(
xI2(f-)-I.:tó
X0 u.i- I I ( ',) ) +

lf cc(K )=r/(r

+I)(7ì( lr) )

¡ì
)..
-I

{

(
)

(

{)
,lI

Il(l. l+lf
5+11(/¿)-
7 ) + i 3( 7 \

+l1r?\-12(2)+
2(:i))krt"5_I3(5)+
( P.) + ( | 2(Õ ) + I -t ( c ) ) ") ) ¡.Oo:;+ I-r( I 2 )- I 2( I

I ) I * o " f;- i 21 I
3(lrl+(Il(5)+
r005+i¡(rlt-t
(rt(ll)+¡211



ll¡..
tt7
l1ô
tl9
120
L? I
I ?_?-

12.3
l?4
l2s
t2é
127
L2q
129
1.30
¡31
132
l3:l
1-ì4
1.3s
136
| 3.7
I 3¡-f
139
l4q
t4t
t42
143
la4
145
14É
147
l4B
L4ç
lso
l5l

DY(K ) =C,rt':j ( iCC ( K ) )Dv ( r( I =A | ."1^G (t)cc ( K )
î:.J( < ) -r !Ât_ (CCC( r ) )
CCl.iT I¡.;tJ:.
L2 PUt-*<i- ÐÞEFrôT

Dri 1l K=2r4t\
Cl" (K ) =CC ( K ) +l-_.C. (KYl2{r t=cARsrcl¿(< )t4L?( K )=AltrAG(ClZlr

, 1:.,,.:..:.: ..

BB

c CI'

)N12(K I =lìE ^L-(Cl 2(K ) )
1i CC\ITI\UF

DO 1 O0 K=? .4e
p;': l r.'lT l',5

55 tr{JF).¡AT( r_rr rÇTAiì/51AR ¡-FJtjl_sã, }Þil I f.tTl)o r K, v ( K. ) r t\ ( ¡¿'
?9 ^ l!PIfT ( ._t r I Of,DF-tr.: ? r l5 r3Xr r tfvÂÇ=. rFlC.7 ¡3X r. REAL=. r FlO.7,lOC CCNTII'itjr:

rìc 20O K=2. rLF
r)F I hlT É,q

65 FNfìI"tAT( ;-ITIDiLTA,/STAtr 6-PULSFT)F)PINT-JO rK r CV( K ),DN( K )'.JO FC¿uAT( r_r , t CrìDFR=f r I S.3X. r IilAG=.,F lO.?¡ 3X r rÞFAL=r rFl OrT)2rlO CONJ TIt.:rJ:
DC 3oO K=2¡43

.. PrìINT 7'*'
_f oFf",t AT ( f _ | r . I ?-ptJLSË CpËRAT IC¡i. )f-)É I NT1¡O r K . v I 2 ( K ) , Nl,? ( K )
l!RY1Tf ._| r |IJFDi:.a= t ¡ I5r3X,. f ,vAG-.,FIO.7.3Xr ItìiÂL=r,.FlOo7)
CCNTI¡IUL
Drl 4qO K=?_¡4?'ÞriJNî a'ri

_¡:{:!ìr.tAT ! t_ . ¡ | l2-r:t.Jl_S; Cpf:pATICl. r )Ptìf NT 5OrKrY(K) rDy(K),ylA(r()
.- - I9fì:ÂT !l-' 'r ntrr:FR=. r I3.3t; . srnF=. r Fto¡ 7r3X r'DFLTA=t rFl o. z,3xX, 1?-ff,ljl-îE =r rFlOeT)

CiJNTII.JLT
5 rePç\D

75

lrÒ
300

5C

400



I
2'3
4

á
7
I
9

l0
11
L2
13
l4
l5
ló
l7
l3
¡s
20
2L
?2
23
24
25
2F
27
2A
2ç
30
3l
a2
22

34

3É
77
?a
39
40
4t
4?
t¿3
44
4.:
4l>
47
48
49
5C
5¡
q)

53
54
55
56
57
5e
59
60
ól
(-¿
63
61
'65

SJCiI u,ÁTFIV St-"^aAFIt\lËr.,ËF Krt.rM
PÉÂL VAIVE¡VC
t?ËÂL Vr\Â( l5),VNEì( 1,, ),Vr\C(lS )Ë=AL NA(15),Ne(t5).r\c(15)
RÊAL WK ¡W I çt¡t?rÞ¡3¡þ, l.Vl5rVu6tr'f:AL X.YÂ( l5 ) , XXE( l:i ) r XXC( 15 tFEAL xa ( I 5) r X8( I 5 ) r xc ( 15 )FÊAL X( l: ),tJ( l5) rpi'tt l5)r.ÉAL YS(52),YD(52).Yle(52)

8g

RËAt. L(
CCMPLEX
cc v f:Lt x
ccMl)LTx
C'lvPL:x
cclvc¡¡¡¡
Cú V'ìLL X
cc¡/pl.EX
ccvtrt_Ëx
C{JMtrLEiX ZES(52)
¡ìr'i ÂD, ( Bt¡( i ), I=t ¡(: )Ë'EAD'(X(llrl=l16)
P:AD'(U(I)rI=1.f:l
R-AI-ìrVArVf-l rVC
REAt)r(XXA(I)rI=l
R{:ADr (NA( I ) r I=l r
R{:AD.(l\c(Il.l=1.
Ê'EAD.(t\C(I)rl=!.
trÍ=trr0{,ATAN(lrO)
H=2oO:;Pl / 36Cù 0

5)
SLMITSUV2ISUM3
C}",PLX TCEXfJ
ZN L t 7 M2 ¡ 7 l: -2, ZN 4, 7 lt a .7N (.
FAV ( t5r lä) rFFìv( 15r l5 ) rFC^r( 15" t5)51(l5rl5).S2( lSrlb)AI(l5)18l(l5),cI(l5)
7.xÃ( l':>l ç7,XPl15l tTXC( l5l(-S( 5¿ ) .CD( 52 ) rClZ (52 )

rÇ)
9)
ç)
9l

DC I K=l.Ç
XA ( l. ) =XXA ( K ) xF,
X¿ ( K) =XA( i< )+(.1 (?o C;Ð f /3¿ Al
XC ( K )=XÂ(K )-K+ ( Zr Cfp I /3 oe I
Vt\ A ( K ) =r) t5x ( Z. O ) r¡; Â ( K ) +VA
vf\l3 (,¿ I =ae 5 ; ( 2 ¡ 0 ) xò.Fì( ( ) *\7tr
V\C(K |=Q,5:*(2.0 )* (NCl K ) ) *VC
7-x^(K) =CVtrLX(,).O,XA (K I )
z xP(K )=c!/PLx( O"0,xB( K ) )
ZXC (K ) =CVPLx( 0.O,XC( r< ) )
CCNTI\Li:
L(l)=Hn(Fi?(1 +x r I ) )
L(î:
L(3
L.(4
L(5
L(6
L(7

=H)¡
= lr ¡
=ts¡
=F+
=l- ì,
=Ft

( prj ( 1 ) +x
(t_ìrr(2)r.x
(ÊF(¿)+{
(FJt:(3)+X
n? ( -l ) +x
FP f ¿¡ ) +X

1)+u(t))2l I
2',, +lr ( ? ) I
3))
-. ) +u ( 3 ) )
4)t

2

L( ¡l ) _-r-ri: ( rrÍJ (4 ) +x(4 ) +u( 4 ) )
L l9 ¡=rJr (5rB (5 I +X( 5 ) )
L { I O ¡ =H* ( E Lj ( 5 ) +x ( 5 ) +u ( 5 )L( 1 I )=H*(t3E( 6) +x(6 ) )L( l2 )=HÈ(rEq(6) +X( ô) +L( € )L(13)=H.rx( 1)+2rO*PI
À1 = I
CCNT INIJF
DC 4 I=1.12
DO J! !¿=l r9r^tË=-(K+..t)vL( i+l )
ziv5 =c¡/FLX ( .J r0, \,/5 l.¡,6=-(r<+¡.t)*L( i l
14F¡=( vPt-X ( î. O , UJ6 ),ri,¿=!. r0l(k+v)
Zv?_=C fr.4FrL X ( C a O r ur2 )
\rrl = ( K-1.: ) +L ( 1 + t )
7, N'7.=C Vf:1. X ( O c O I u.l )

program (2)

Caleulation of d..c. side voltage hatmonics
(a.c. hamonies ineluded.)



be
f¿?
48
6ç
7O
7l
72
73
74
75
76
77
7ë

ALì
8l
a2
83
84
85
a6
¿7
38
a9
90
9l
92
93

w4=(K-M);L(I)
Z^t4=C'JtrLX(OrO.w4)
¡F(KoEoe l'') GU IC 5
lrrl=-l tC/ ( K-M I
7Ml=CVFLX(0rOrìr1)
S I ( I' K )=7u ly ( ChxP ( 7u 3 l --Cr:Xp l Z¡¡4 1 IIF(K,.NE¡I.II Gfi TN 55
S ¡ { I r K. ) =L ( I + I ) -L ( I )
S2( I ¡Kl=7M2:k ( CF- Xp ( ZrlF ) -CFXtr t Ztrél )
FÂ!4 ( [ rK )=Vt\A{K ) *( CEXÞ ( -7xA(K ) ) *SiFFlv( I rK)=VÌ\3(K)+ (CEXp(-ZXe(K ) )*SlFCt¡( I rK )=VNC( K ) +( CF-xp l-Z_xC(K ) ) *Sl
ccNTINt.,f:
CCNTINtJi
DO t> I=l¡li:
SUvl=(C¡0rO¡O)
SUM2.=(OuO.CrO)
SUM3=(O.OrC.O)
DC 7 K=l.9
SUMI=SUI,!1+FAT( I ,K )

. SUM2=SUrr?+F:r'! ( I rK )
5UM3=StJV3+FCM( I,K)
CCNTIÀJI./F
A I ( I ) -SIJT¿ t
..1 I ( I ) =g(Jtil. C I ( I ) =SLlt"r3
CCNT ¡ NU¡:
CS(M)=( I e O/l2c04Fl ) )* { ( aI (

xA I( 3)-( ilI'( :l) +CI ( 3 ) ) +0 15+AIxfll (ó)-cI (r: I +B I (7 l-( A I (7 I +c
XO¡ 5-A I ( çl 1 C I ( 1 O )-c ¡ ( 1 O ) +C IYS(M)=CÂtrs(cs(irt )

¡t¡,1=M+l
IFIM¿LEt24l cf-l TC 2

. IF (í,r.F:O¡25 ) CCr\T Ir\UE
Dc ¡l K=L.2/+
viK=+K.,(D7/6rO)
ZDS (( ) =ÇvPl_X( O.O,WK )

11 CCI\TINUFp,tINT lOC
l0O FOÉ¡M/ìT ( r_.' I |iÄpv. Vt_-TLTAGËS

DC lOl K=Lt24
cD l¡< )=(. -= lri ) /.c4xr-r( zD-c (K ) )cI2(K )=CS (,< ) +(:D( K )

(?_l-et(2
) * 1,5-C I(RI(9)+C
.5*CL(L2

IN STAR/STAfI r)-PtJLSE OPCR AT I LrN | )

90

5
55

(I
(I
(I

rK ) *CL XP (7X^
rt< )+CEXo( ZXtl
oK I +CEXP ( Z.XC

K
K
K

)Ès2( I 'K))fsz(I'K)
l*s2( I rK)

)
)
)3

4

7

f)

1 )+C r(1 I )roos-Ht ( 1 )+A
I tt l-CI (4) +( n I ( 5 ) +r_t I ( 5I( 7 ) )*0¡5+r-tI ( 3)_a I (e)
(rt )-(AI (11 )+FI( ¡l ) )*

+
o

)+(5)+
I(9))*
)-FI(1294

95
9ëq7
98
'a't

loo
101
L02
103
lc4
l0s
106
107
108
l G'.;llo
t11
tt2
ll3
114
1r5
1tó
L L7
lle
119
120
L2l
t22
123
t?4
125

YD ( K ) =CAl.'S ( Cn ( K
Yl2(K )=CAl:lS(Cl2pFìIN-flO2rKrYS(K

)
K))
rCS(K)

xFl2,ó)
101 CCNTIT\lJ[

Px t l'tT ZO0
2oo FfiRMAT( r-r rr FAlri¡,'r VoLTAGËsDC ?Ol K=l .?t+

I O2 F,.)lìl'.AT( t. I r--,-X r I4 r TSTAFì-V=r rFl2o€..lJX r f V.-tìl-¡tl-=r ¡FLZr6r3X I 'V-JVAG=rl

IN DELTA,/ST AR 6. t)ULS¡ EPI..R AT I CN I )

ç)ft INT?O2r K rYF) f K ) ICD( K )
?-o2 . IçT,"1AT ( ._r . -lX t lr+ ¡r D[il-_ f a,/sTAR VOLTAGi:S= r,F I 2.ór _"Xr I v_pEAL=' rXFI2ot:r.lXr I V-IMAG=| ¡Fl2oêI
2OI CCNTINTJ:

PE I NT 3CO
3OO FOIiMAT(I-I.I HAÊTVCLTACÉS IN

DO 30l K=lç24
PR¡ Ì\T30â,K .Yl 2 ( K t .C12 (K )

l2- trULSc Crri-F.^T I f-N | )

30Z ialRYAT ( t_ | r 5X. [ 4 r I l2-ÞULg.: V=t r F lZ.6 r lX r I V-r?F:AL=r r Fl?.ó r3X.XrV-Ii4AG=. rF1p..6)
3OI CCNTINUI]

STrlo
E¡\!l



?- FîrL- cx(lr.)) 'Yr
tLç

rrj6-1r¡.:--:. rbr.bJ....Ìtt.vt rt r¡l t VÁ If I

l;.i',';';""r" c ". x(I),u( I) rFY( I ll.Áa¡:"IGNTTIût-{rcoMM.rrÂND-oflay;A¡¡GLEs-F.,2¡t"üÂr_vrsc L(I)r.4QT LIMlrs'oF i¡¡rrcrpnrlcN FoR -ËnunIFF---CõEFFIcIENTs
iiigi:::.' ;l.t ç ;'jr;:,ï', y t çv? r V 3 ¡'r "A RE; 

".. cn b'l Ng ¡l r ,ùÀvEeòR ùs: 
'o 
Iii. ¡.'..1;."ôEïû¡r . 

-I] *',',.iì,ï.lìri,i, ,,r*,oo",.ç.,,..."...r. .SCN.rDCN rCl2. rA?E1.". MA'N.,. ... - -

c PULSI îÞi-:A AT I t:NS ::
':::lr,ì::i.''l':ic -i';i'lsr' HAÊ4cr"rrc _ IÑ-., ozs'',"EFIDGE,1,.IS SHIFTET) '1'(30)' DFG. "' :":/i- :

-<,s..a.F-:i.,\.c.-...--.xxruu¡¡r4irÍt-j:vIÂTJCN5 BÊ.TWF_EN.,rSl-":p7S BñIDGES,TCñrióru.coMM.....'-.:i:¿','rl"¡l'j;"c.':' ;.'svr¡rr)V¡o¡vl2 
^F:f: 

RËCTiCÏno'-'VDLTllGES FOR ,.STAR/STARroro .r...,-,-,.___...-C' rr¡f)ljt..T^/S,Tt, l..rrANf) iZ-pùlSg tìpgpqiiOr,JS i:.i.i ":'lii,';îÇ1,.:ltr;,-lg?qJçcTrVr'¡;:ié'- isr:..-'rÂño;i¡vàniäË''ìiöirAGÉs uNDER TMBALANc.',.;.,-.--.."-;...Cr.ir+.r-.,r.ccNDICNS Iþi . 1. SFIDGå . rANp.r,.jccuelÑeO 
--iz-put-sE 

.. opERATI.oNS. . -.

_ Z?_ iìF_^D r,,y r V r y

:äiitl:;;:';ìi .'--..;,.:i:'Ê¡r :' võ,.vnt. vD'2"= ;::',.:Í:;::t:..:.iï11',î;:,;_;,iì:,'-''-.,Ì;l ;r ;.i:-;

,.?0-,,..,,- rREAL ..' SVrDVrVtZ.

:?6 rìl: ,ID,((J(I) rl=lró) \, ,

tcl rc

?9 :.. .1. :"p!=4.e,i:AT¿,N( t rO)

l

i'.

.,o1...1'.j.1''..wl=.I1.:nt].],ì.:,

Proera¡n (3)

CalcuLation of mean d..c. voltage
voltage on the d..c.

and. 1st harmonic
sid.e



:-.+-
l

';í. , ","'.' 4.i;J .. 55
56

{l.i',i:'57:'
ÂiïÌ]:¡ïl?å:;!Jiiil,.-..]'.'..':'.':

i;; ¡.33,,1¡1r;1i.'1¡; ,,,liiiii¡ïj;i;ï jli;i;^, 
r )_ 

!'.4rre"rf'.r,'r1:=î':, i !::r',i'' ï,'2.,"',

r,'*:-'å?.: :' :'* 'iíiil;siiíi!àl';iiTltIii=fîíïiîâjiî¡i iii:EiïÍFiri:EåÍ rìii'';'::,
*i:*:4;;f9,,,; ;,,rìî,,iã;ii1!Í3iÍJåüiíËîiÉiii:ÊåiiiliËiiiijili¡ri?iiå.5i¿iiii,,..,,.
rmnååt*,r,'r'''".iËiñji;;È:ÉË-ù-;¡1,*ii:;ìi:ì ií:Ef (¡)){,r¡*i;ij ii:tliií=ã:äifijiii:.r.:.

'¿:llil:c:!ri;cli?ìïí ír \¿" '''ì: ';' ;'."t '-'. .'.i.':'ii,:¡'i:-.-l',. i:',''.1".;"'i.,.:r,:.'-.,,,:--:.r:-

Pq, -t. ¡=iìiz ':''; ":;'''j:'''¡'i'''" Ii:-,r "-i'l:llÌ,.,':--",:;a::'r': '':'1ì

SFlf Jl:l,l:(,:,(.!+,'1 ¡ ¡-srru rLir l r ..::.;r,:j ;.1 _ i.2:: ...,,.*..

äi$ì.:.:': ,:ii' , ,r,:,',1-.:,: XÅiÁ1Ì;l^,{îll l ?\!.t- i ríiT j*i jì;i;jÍ:ålïll:{s).:\?{ sl l*o.s-rt\z !tt- i i a à í i;åi )ti i ii¡ ?i- r | { 4 ) - Ir ( a i + t ii i ; í:i7ì ã í íoo. s- r s ( s r+

;í iii i 
i i3 i,i.i i i i i 

ji 
i I i i; i iii i i íl i i l ¡ I i i î:iiiii i i+ t i 

å i i s i, i ii ii i r

'iíü:j:itilji'Ii 
ir;i ; îi íiiiii I i¡iiii iiii i i;i;iãi iii;isiiiiiii ir,

", -.. -6.7
,:, +ì.j..r-"J,ii,.ì :i.'i:.r .. l i..- j.i::.,
.:i-.Y':;lt:r"r' .r 4ì.i.ir ...., -i. r..,.

'. i .

. ..- Éa'".".'6q'r.'"

,;:;;t'i¡';.;-:' ''' : -i -:r
..:..-."-,.72
i::.;: ::..?3' :t .r.,:j. . :'...:ì..-_ 74
"-i:rl 

.i7q'.9':-'¡a 3-.-"- - ':
76,':T.'.:'zz . .' i,j,:;',,t7a

-"r1¡'.-7'é'-".:. ; .',.'.-.. 
l.

.. .40 ô. ; ,..6 1,'..':", 
',:l ,''l ,

F!îi iirîü ibÍiii i i;i:ii[Èå¡ i,,

. 1 1Fîf\îr'' . .- ,..r..,,-."_..-' -.,'.j_..: ',, l. .. ,..

i:.;" i,r 6-2r- 
. "'..:.'), .,.

-" Fì]
i ..tF a ,,:^," :1.s:r :-!r.-

Fiiij;üË,r ¡ii5;i I tí:Èl r¡Ëíiii i 
- : :'j,'''-,'*;:*::,:ï_;:l:,..

;ËÑ+ì,iiY,i'o(T+Dcl(I.)-ri+óàäì,ií.í.'v'.l=( (É.t ( r )+F.t:t-i I tr0,s_F 2!ll!t.r(z.t_Fztelí - .'. . ,_ ,_,": ::'.:,'::_'

iãi ii¿ ;i¡ iiii åt iiii ii ? iii: Àii i ;iîi la iiiii i;+ ii6i ¡ Ì Èä ur-¡:¡åii"?î 2",.r.:i',; 1 
r0):Fjr ( t,o )ir¡r i i í:rÈiíiìi; Fzl ti j iiôlsïÈsr tzr_Fzt tP,IfIl=xf!l:ii

"¿::: e,4'
. 'F5

, ,::'. S6 . j'

, .. ., ì (....,..
'..1 B8 -

, fi,c

' , ..';.:tf -

U(f)=U(Il-r.lti

l- f îl:¡ri l r-.ry (,:i j *x r s l I
,!f l,? J_=l1i f li * i å I *iiá í+ur s r,r
l"J i I l_=¡1,: f ': I f a r + ii È, í.j
il:31:1.,11..,If b¡ *iià ííut a.t t

.:2-;-::.::'-'.Ll.|Nl.tNtJ|...-...,..'..'j,:.'.ll-'.::-;-.::-:'.:.ll^!'¡

i ,, .4( I )=SIt:t¿.õìL( I+I ) l ir " .:.;.-,.-:-,. :.;;::ì.-ì.,iy¡,-,-¡,-_._....--.,":.,.,t 
r" i." : ' :"

14{I)=sI¡.r(?,G;tilií' .....i.: .::.!':..., -;.;,:Jf.'.ji.î;.ïr'.-.,r':1..

!.f .t:_)=rr,x( I )+z.otpi.
CTINTI NtJr I

'.'j.l,.''.'..-'',.'':..':..1..'..,'...,..:..'.-.
. .- _ I ., tì .:.''.": . ' :: . ' 

,,,..,1 .',.
''':i,'.-'::....r.;.J.,ì:.;r,'..,..,.''
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APPENDIX TT

(a) Justificatlon of the gduqe adopted in calcul_ati síde

har¡noníe currénts.

To justÍfy the deterrnlnatlon of harmonic cur:r.ents fi:om the harrn-

onicvoltages by determLnlng the quíotent of the Kth harmonic r¡ortage by

the Kth har-monic lnpedanee of the system first a simple cÌncuit was studied.
The ei?cuit consists of a sf.mpJ-e hal-f wave contnoll-ed nectifien

Fig' A2(a) with an (R-L) load. The cu::nent th:rough the cincuit is deten-
mined by soj-ving a finst or:d.en differ^entlar equatl.onn then, the complex

Fou::ien appnoach is appj-fed to both voJ_tage and. cu::nent wavefo¡ms, The

th5rniston sta?ts cond,ucting aften a delay angle (cr) and stops con*

ductíon at an angre (0) when i = 0 and the ::ectifier is nevense bíased.
This angle (0) depends on the ratío C*l of the circuit load.

The curnent diffenential equation is

Lgl + Rioï (A2=r)

ondínany diffenential equationaften tr:ansfonning equ. (A2-1) into an exact

by multiplying both sides by

ßt
X e whene

The cunnent waveform is defined as

i = fn, Sin(ot - 0) - I, Sin(o _ 0) e

in the "ange 0 : ot : 0

whene
E

(A2-2)

l' 1-

= Eo Sin ûJt

g=F

-{f,,rt-el

The angle

)

0 at which conduction

ATAN +0'=

stops

(A2-3 )

is detenmined gnaphically.
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ì:;:,:',::::1'

i'j': . r::'-r,:ì

y=EsLnüJt
o

The yoltage wêyeform across the loed tenninal.s ls deffned as

o<ûrt
S

(A2-4)

The harg¡rpnic contents ín both 
^t o i ar:e cal-sulated and the ratlo of

V
(å Ís deterrnined for each harrnonic ond.en (K).tK

ThÍs ratio is found to be exactJ-y equal to the load haprnonic

lnpedance (z-) wheneo
K

Zl< = R+jKtrrL (A2-s )

f.ig, AZ(a) ís a slmpJ-Ífled hatf wave nectifien, cincuit
fÍg" A2(b) iffust::ates the nesultant load voltage and. cu::nent wavefogms,

Tabie 1,42(a) illustnates the harrnonic contents and the ratio of
Vv(f) companed with the system hanmonie impedance.tK --- -J

r.. :: :. .

l. .r
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=E sin
o

L=0.01 H

Fie. A2(a) Sinplifieai hal-f wave rectifier
cireuit

(¡)t

v

i
\
\
\

\

Fie. A2(b) Loa¿ voltage and. current waveforrs
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TaþIe A2Ca)

b
o

CR=

F .100 .0 J¡o]-ts

LçOtr¿rL F- 0r0LH)

l-1 -

NrB, The :reason for: the slight

Q¿ is that the angle e

gnaphicalJ-y,

discnepency between the natio Cþl andtK
at which conduction stops was d.etenmíned

Harrnonic
onder

(K)

Harmonic
content in
(v) volts

HanrnonÍc
content ln
(t ) anrps

Ratio C3l otK ZX = R+jkrrltCI

0 15. 206 15.22 0. ggg 1.0

1 38.299 9. 816 3.901 3, 90

2 12.l-79 1, 602 7.601 7.605

3 8.427 0.7422 It-.354 11. 353

4 4.229 0,279 15.129 15.11_2

5 2,328 0 .123 18. 858 18.87

6 3. 209 0,141 22.6l-9 22.64

7 2.882 0,109 26.426 26. 40

8 1. 619 0.053 30.233 3o']7
I 1.619 0,047 33 .86 33,94

10 2. 039 0.057 37.86 37,7r
11 1.531 0,036 41.576 41. 4g

12 0. 99119 0.0217 45.205 45 .25
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G) fw d,c, side har'¡nonic cuq?ents

. The prlnåpJ.e of

side harrnonic cu::nents.

supeæposition fp etlopted Ín cal-culating d.c.

The ha'rmronic voLtages a?e taken one at a time, and. for each hagrn-

onic orden the d,c. circult lmpedance Ís carcuLated, and thnough a steady-
state appnoach the harrnonlc cunrent is obtained as a qul.otent of the ha::m-

onic vol-tage by the cincuÍt harmonic impedance.

' The harmonic cur:nents th::ough the transmLssíon line and. fil-ten
bnanches ar:e obtaÍned, as wer-r- as the vor-tage dnop acrloss fi.rter-s.

The pnognarn is r,rnr.tten in a most genenal fonmo the input data

ape the harrnoníc d,c, sLde vol_tages and cfucuit panarnete::s, both as

compJ-ex numbens,

Thene Ls a flexibiJ-ity of omltting any panarrel bnanch such as

the situation of the 6.I a'rn filter out of senvice.

The har'¡nonic cunnents coul-d be refenned to any base value ¡ sÍm-

ÍlanJ-y the input voltages. ''

In the fol'owíngr copy of the harmonic cu:nr:ents pnognam is
incl-uded.
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? þ?,.rJ.i,^,!i*fj:"g.llr::nG',.lne¡cÍcFr¡¡ ¡VF(K) rs voLrAcE DRop AcRosr.. C FILTËIìIN3 8:ì'qNCF,flS-

33.
34
35
36
37
3A
39-
40

. 4l
'42

43:.. 44
.,.,,.. ,,-,45.-,
:,.r.ì"1'., 46'. 47
,,,1'"';-AB.
,"*=..-,.49 -... , ,..r 50 ,

tt
v¡'52

..-..-,. 53.''.r:. S4 ,

55
Í6

...,ZPI f t< l=ZP IrJ(K )*( I rO,/tr9A.SE).. .YPI(K)=ypIC(K )*(ÊB¿tSÊ) ..

tjL(K)=þ.t¡K.*LD.
zL(K )=CucLX(LroO rwLril l*t r.c,/trEASE.)YL(K)=1.C/ZL(K)
X6 ( K ) =K't'4*L-É- 1r O / ( K+tvrC6 )

,1 ì11ì'- lir.r

,, I¡?( K) =K r'A/lLt 2-t ¡ O / (K*.h*Ct Z.)
: zl?-(K ) =CMpLX ( R I 2 ¡xt2(t< ) ) *( t .c./REASF,).Yl2(K)=ltQrTtZ(K,
YPI I
ZP.I I
zp lL
YtrIL

K)=YPICK)+t.C/Zç-llR)
K)=l¡C/YPIl.(K) t. -.....
Kl=7_r¡ Il (K)+zL(K) ' ,

K)=1)û/7-pIL(K)

"t

YrJI L I2( K ) =Yr: ILr ( K ) +y l2 ( K )
, . YEtr,LF-(K)=YFIt_t2(K)tYê(K). 

.YF(K)=Y6(K)+ylZ(K) t.

.ZF (K ) = t. ! /yF (K, .

ZFL(Kl=ZFIK)+ZL(K)
.- ZP.ILF (X ) =1.0,/.YÐ_ILF ( K )'j::t ZT,CI (K ) =ZíJ ll_F ( K ) +Zt_( K ): '.

YTOT (K ) = I .C/ ZTC]T ( K ).
CTOT(K ) =V{Kl ¿t TTCIT( K)

proeran (4)

Calcr:l-ation of d.c. harrnonie currents
aceount of asymeteries

on



è'r j '""iii¿;$:-lilÍi; 
î!î'i;:¿¿;¡¿*,=,,',,.'',;':'j,..t-;.;.=,',;,;'],:ur''

e2 .2O2, FO.

e¡ . 20t.tEã;,ii(;åooè=îiÈ'là'.¿1 ' 
Fr-cutrFt

;å ""'lli'. Fi*il j ;ri;*:lç;ïïi:i,¡ :;;l::" ;:::;l::î ÁND HAR..",. .u*,uNrs,

gl oor 'tËãí;i;È¡-t:Îi; iå:)Y*=','F:la '7 ' -=xi'' íÑ=; j"ì'ô .2,=xr rrF=, rFro.7,
n¿ ÐÞ r xri -;^ 

^

3å'l'..:--:g;"Îii"-i:l;l,,",FcRMEDBYLc+F.ILTERlNGt)io 7o? t':ii^ü¡::iiFí;!ii":¡;Áît',,,,.u,'u",.],--o.o.=',',,,'l.u,u;',, i,: ì'"ì i¡r:

,rÈã,,, ':'il;;, Fi.iilî:ir ,;¿,;l?iiii:y;i[i :.',o.: 
F TLTERTNG ERÂNcHEs . r : ::

X,V-lMÁ¡1-? J;^'¡*t'rAx¡vloVoD¡=t.Fl2 ^7-Av rr.F ^--:'f: ', :30, , cJñ}TA3;t'Ëï.ti¿i"1AHMov,oDo= "F.t2o?.t6Xr'VF-RFa,L=J rFl2.o,sx, ,,'.',,



101

APPENÐTX IIT

a) Effect of ual t::anSfó::me:: phase inductances on the 1evel_ of
unbal_ance in comrmtation angle -(u )

Fig. A3(a) illustrates cornmutation between

Duning commutation between valves I, 3 the

decays and that of val_ve (g) sta?ts building up.

L.e.,

fntegnating Equ. (a3-ro ) ,

t=
.1

Sin (l)t

(Cos e - Cos r¡t )

0+u

valves (r), (S).

cunnent in valve (I)

(A3-6 )

(A3-7 )

(as-e)

(A3-e )

(A3-10 )

(A3-11 )

The diffenentiaf equation govenning conrnutation can be wnitten

di^,b_r" = "", if
tb-r. = ß î sin t,lt

initial condítion tr_ = Id

di_
So, 1+ = 0-

ctT

Eqt. (43-6) could be w:nitten as

^/gVSin(l)t=( ttr- *

di__t

"., ã.

whe:re

and the -i3

di
.)

ãr

,"r,
oa

c

?T

utt
dt

/1.y
t¡l(L^ +

"r- ""r'
ctin the nange :ûrtf



LO2

fig. A3(a) Circuit díagra.rn illustratÍng
eonmutation betveen valves (l_), (S).

1ì r.
i



lfhen t¡t Ê etu åg = Ia = constant fo¡" I giyen yalue of
g and u¡

Starting from equ, (A2-J-1),

(A3-13 )

j-lJ*:::lir!:11'j. ""r" "'1'r:-_. l.: '::

l_03

Cose - Cox(q+u)

ry 
= constant!

and if ta, = Lc and 
"", = Lc *

(A3-l_2 )

AtC , the yalue of

be deterrníned f.nom theuåÉ = (u+Au)

folJ-owing equalityr

Cos0 - Cos(o+u)
2 !!û.¡! L^

C

The following table

angle (u), due to

I9o up to IOgo fon

_ Cos Ct * Cos(cl + ut )

nepnesents the l_evel of unbalance in commutation

unequal tnansformen phase inductances LC, fnom

dÍffenent nonÍinal- openating values fon or u,
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TABTE A3Ca)

UnÞaLqnce l.n coÍruutation u versus unbalance ln conVer:ter t?ans-

f,rirrùèr Þhase lnduet n es

l. :. i
i . , :.:--l

eo AL (Au) in degreès
o=15o ru=24o 0=18oru=24o q=18oou=20

1 0. 08sB 0.0ggg 0 .07 57

2 0. 171_5 0,L77 0.151

.3 0,257 0,266 0,227

4 0.342 0, 354 0 .302

5 0.427 0,443 o -377

6 0, 5l_2 0,531 0 ,452

7 0.597 0,619 0,527

I 0.682 0.707 0.602

I 0,767 0.795 0.677

10 0. 851 0.882 o,752
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b) II9ú,s.r.DiF.Fion tine PI equiyal.ent for dif,fenent haruoni¿ ordeo"

TaÞLe T.A3Cb) .nepnesent the p]çsection pqrafneters for differ:ent
harnonic ondens

Table T.A3(b)

ZGPÍ. ZBPT
I
2

J

4

5

6

7

I
I

TO

lL
L2

18

24

30

36

" 0000836

" 0257 34

" 00068

" 00036

" 000604

" 005623

" 0020706

" oooT 496

" 0008125

" 002894

.0041935

.40L2456

" 001s93s

" 0036154

" 0017750

"4023944

ìi "00222
" 00184

-.00225
-" 000131

.00L702

.00503

-. 002 9666
-.Q00622

. oo.ogstz

.003096

-.0a257L '

-. 001103

" 0011623

-.00051797
-.0002]-667

" 000 69255

16 " 
g1g

38"66
L22 " 

g6

243:..7
185" 2s
gg.73g

158.20
789. 88

500. 32

161 " 13

L73.32
449 .98
409 .63
27L.03
sss.12
385" 40

-449.48 i

-2.7 6g

406.26
878. 95

-52L.64,
-88.376
226.67
655" 58

-604.49
-L72 " 3g

L06 "26
398"46

-2gg " 7g

38" 931 i
r

67 "76s:
-111"47 i

The PI is an exa.ct
for one conductor.
z=RPr+jxPI
YåGPT+JBPI
ì

È zcPr + jzBPr

eguivalent for the total line

Harmonicf nnr I xpl
2g "'15L

-77 "895
-29 "go7
L37. 56

. 67.092
--].83.03

-L34.77
205" 00_

2L2 .26
-199. s9

-309.49
L52"29
22L.57

-814. 70

LO3g.7

-169. 05

4 58. 13

5. 5965

-458.63
-70. O58 I

453.67
:-g7 .46

-426.60
-296.7 5

393. 7g

408. 81

-303. 00

-523. 01

687.23
-337.83
-655. 33

L7L2 "5
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APPENDTX W

The hatrmonic voLtages a?e nega:rded as sources on the d.c. side

and the harrnonl.c currents may be obtained as a quotient of the e,m.f .

hannonl'cs by the total- irnpeôanee of the convernter netwonk. Thís ím-

pendance may be neganded as made up of the d.c, cl.ncuit Lmpedance plus

some equívalent Lnductance of the a.c. cfucul_t whích depend mainly on

the conventer circuit connectLon and the openating condítions.

In the d.c. side of the convertep stationn the mean equivalent

ê,c. system inductance ís r-eganded as internal ínductance fon each volt-
age' hannonic, nefenence fI],

ln thís appendix, the mean equívaJ-ent a.c. supply inductance is
calculated as a dniving point ínductance fon a g-pulse and r2-pulse

openations i

within the bnidge configu::ationo the valves'which are not con-

ducting ane omitted and only those bnanches ca::nying cunnents ane con-

sider"ed.

1. 6-pu1se ope::ation

The norTnal conductíon in a 6-pu1se bnidge takes place in 2

val-veso followed by a coÍrnutation peniod in which 3 valves ane conducting.

In fig. 25(a), valves Ir2 ane consÍd.ened. cond.ucting and the nest

of the vafves ane blocked. The transfonmer: leakage ind.uctance for the

þ I, tnansformen is neplaced by equivalent el-ectnical inductance (1,, )

Applying Kinchoffts l-aws on the loop shown in fig. Al+(a) the
v

ratio ç) is denoted as (j o tZ) whene the suffix 2 nepnesent the

case of 2-valves ar:e conducting simultaneously.

CaLcuLation of oean ivalent a.c
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Fis. AL(a) circuit configuration
( 6-purse )

Fie. Ah(b) Circuit configuration
(6-pulse) -

trary voltage
ha:m.onie

during conduetion

during conmutation

v
a

v_-b
v-c

L
Lt

I
2
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Assuruptions

The procedune adopted ln obtaini¡S equivalent ø¡eraged inductance

ls based on the foJ-J-owi.ng assr:rnptíons I

Ca) IdeaL s+rnusoidal_ a,cr sources.

(b) The valves a?e :regarded as J.deal switches.

(c) The valve dampi¡c æeactons ane added to the tnansforrne:rs leakage

fnductances.

(d) Phasons ane used even when part of the cycJ-e is considened.o

i'êr r assunption of a sinusoidal curnent duning both conduction

and co¡¡mutation of each valve is considened..

Llmitatlons.

' rt should be noted that assumption (d) is not stnickly vaIid,
Duning commutatíon the surrrent is not sl.nusoidal-o thuso weighting the
cunnent waveforrn as a pu?e sinusoidal- which lags the vortage wavefonm

is not quite connect, and a special tneatment ís needed to study the
tnansient cunnents duning commutation.

The forr-owing appnoach ís only usefu.r- as a finst approximation

for the weighted a.c, system ínductance which should be taken as inte::nal
impedance for the harmonic genenaton on the d.c., sÍde. Moneover, with
the existance of high damping neaetor on the conventen side of the d..c.
lineo any intennal inductance whích is usually smalr_ d.oes not make any

differ"ence when added to the high induetance to car_culate fo¡ the d..c.

current, and a global assumption of zeno intennal inductance is pnact-
ically accepted in the cal-culation of d,c, side ha'rnonic cunrents.
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1.r

e) 2t*YAlues conductins

f = jotr=5trr(zr,r+2Ls)= jor(2t)

whene L = Lr+L,

an.ð.. L, = 2L

b) 3-yalues conductíng ,, ,',

This case nepnesents conrnutation peniod in g-pulse openationr i...,.

and the conventen configuration j.s shown in fig. 2s(b). 
;:i:"

v TT
E = jrDLs= jr¡(trI+tsr+Lsr+trV)

L- t-jor(tr+Ls+È*i> I

= io(| i,)

.eSo rs = äL

An approximate weighted average of the a.c. system inductance in case of j,

6-pu1se openation could be defined as:
l.'.;,

? - - ,2'Íltu., = Lz(ä -u)+ta u

r - 3L-2n 1ta., - tT'1¡-4-"-l (A4. 6 ) : t:l

(A+-1¡

(A+-z¡

(A+-s ¡

(A4=4)

(A4-s )

2Tr

ó

1i... 'ii:r[ ..'],'.:::t:
I
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2r J-2-pulçe operqtion

- 

r

rn ].2-purse openetíon, noryDar. conductíon takes prace rn foun
valves fol.Lowed by a co,rmnutation peæiod in whlch flve valves atle cond.uct-
ing (pnovided that u I 600).

Fon slmpJ-icity, the magnetfc eoupJ-ing of tir" Å/Å tnansforme' is
rrepJ-aced by an equlval_ent. eLectæJ.ca1 inductance (f,, ) , Also, the A/ L
tr:ansfortner. is assrrned havlng an ínductance equal to (LT).

Fig, Alt(¿) nepnesents the case when 4 valves ane conductLng
('l, 1r, 2, 2t ) and the branches containlng Don¡conducting values are
omitted.

2,1- e in case of . ]-:2_

a) Fou:r:.values ane conducting

In flg, l+a(a) the J-oop equatÍons a:re

loop (1): v = i,,,lT. T + (t -'L-
ß

w:ritten as follows:

T
Ls+(t*=) Lor-/1 ù

v = jur(2l*'Ætg+2L2)f +(r"-

v)-€

Lrl+2L2r)

(A4-7 )

(A4-8 )

loop (2): ,Æv =d

l-oop (3):

3v =-a

-ßv =

^ßv =

ï2I
jo(:r,., + (ï + l=) a-+(ï +ß/rù-i 1^jo(zå+ L- + Lr,^) Ivùß5-

.ÏIjo(t., -+:L^+(r+
-rß ,ß ù -

'"., Lo L^jo(*+ t+L^+2j)
ß'ß",ß

j'(++L^+5,,
9ùrß

v)c'

å
,ß

2T
:) l^)
tÍÞ

) rr)

I

r

Fv
--c (A4-s )
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Fig. Al+(c) CÍreuit configuration during eonmutation
(tz-putse operation)

fie. A\(a) Círcuit configuration during conduction
(12-pu1se operation)
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lz+zL \



í_substitute f,on åi, I* into (Á+-7) where (+. í; = rr.

so I = jr¡¡¡rrrL12+^ ,,fl,r*
L^

I. = jolr+ = jr¡¡r2¡Ll2+ß $:¡ (A4_10)"s ' 11'

l:'.i:r'i..'1.::it:i. -. .-'.. :_. :' - 
-:: :'.i:'r..:iì:'

7L2

y = j0L4 = jt,r 2L[.2 + Æs'] t (A4*11)

t^ t-
whs:eS=Ð-s ts+E - T (44.12)

b) Five values ane conducting

. Fig'Al+(c) illustnates the conventen cincuit confígunation duning
comrnutatíon períod in case of 12_pu1se openation,

VÍr:iting Kinchoff ts laws fon the 3 loops:

loop (1): ôr2T I" I rv = jt'r[l', r+ (r +J) ts* (ã,i.r t, *ã Lr.*.2tírl n (va -r")

v + iu,Ill *rír+,/3'LrJl * ,.-r. (A4_10)

loop (z):
ï r T, 2r

Æ 5 = jot(7 * 
=) 

i," + i í., + (! n l=) l.lr'3-/s-,Æ¡)
l

å = jo[i,r-+-+rr]l (A4*14)

i.: :,ì.t :

i :.- j..:-.l



.-Ì_.r_ :.-.:.:!,::1:.i,)-rliiii:::aì:a::-.¡i:
ì:1,1..i,

113

sr¡hstiÈuti.ng fop å, y_ |n equ, (A+.L3)¡

-t

L = i¿)Ls = IåL+2'Lr*ßrsnrs-+.+rr*?+Ls+f,rrra

Ls = L*L + C2rT + 2rs) + zÆ r.r)

LE = 2Llr.ZS+Æsl.t 1L'LJ_r /Ð + vJSl (A4:16)

(notíce that LS is fess than tU)

An avenage weighted a.c, system inductance coul_d be defíned in the same

manDell as:

,T(å.- u) Lu + tu(u)- = 
o'

avi
b

(A4-17 )

I

wher:e L---n is the neflected ê,ci slsten inductance on the d.c. sideav - , _. YJ s ev¡¡¡ ¿¡¡uu_ 
- .

of conYenter" station, and is reganded as intennal inductance fon the I

harmonic voltages on the d.c. side.

.''.'''
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