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-ABSTRACT

Nominal operation of H.V.D.C. Converter Station produces only
d.c. side harmonics of order (p - K) where p is the pulse number

and K is an integer. 1In practice, converters are likely to produce -

all orders of harmonics.
This thesis presents a study of the harmonic phenomena on the
d.c. side of a converter station. The study assumes a steady state

approach even for unbalance cases that last for more than a few cycles.

The magnitudes and levelé of d.c. side voltage and current har-
mohics are calculated for 6-~pulse and 12-pulse converter operations
under different combinations of unbalance parameters.

The unbalance parameters discussed are: imbalance of ignition
angle (o), commutation angle (u), a.c. voltage depressioﬁ, and the
most severe case of harmonic content in the a.c. supply. Each unbalance
parameter produces a certain spectrum of d.c. side voltage harmonics.

The study assumes an open loop approach,i.e., the generated harrﬁ—
onics on the d.c. side do not further modify the a.c. supply voltage
through controllers.

‘An experiment had been set up to investigate the effect of inrush

current of transformers during energization on the level of dist-
ortion Of the a.c. voltage waveforms. It was found that severe distort-

ions of a.c. voltages take place on account of longer duration of

inrush currents.
Such studies are useful to make an assessment of the levels of
the d.c. side harmonics. The data obtained are valuable in specifying

and designing the filters and shielding for harmonic interference on the

d.c. side.
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CHAPTER I

INTRODUCTION

Nominal operation of a converter produces d.c. side harmonics

of order (X ° p) where P is the pulse number and K is an integer
K = 1, 2,3, ....

The harmonics during nominal operation are called characteristic

harmonics. Usually an adequate filtering is provided on the d.c. side

for such harmonics. The influence of characteristic harmonics are well
7,8,9

known

H.V.D.C. converters generate harmonics on both d.c. and a.c. sides.
Due to certain unbalance in parameters, the harmonic content on the d.c.
side does not contain the characteristic harmonics‘onlj, in fact, con-

verters produce harmonics of all orders, Reference [2,4].

The following imbalance parameters are taken into account for

this investigation:
(1) Variation in ignition angle (a) of each valve .
(2) Variation in the a.c. supply due to:

(a) Imperfect transposition and regulation characteristic

(b) Depression of one or more phases of the a.c. supply, mainly
during fault condition.

(c) Uncharacteristic current harmonics in the a.c. side, which in

case of inadequate a.c. filtering can result in local or re-
mote resonance, Reference [1].
(d) A.C. side current harmonics have a d.c. component rating which

could exceed the saturation level of converter transformer.




This results in large distortion in the a.c. supply voltage
due to‘converter transformer saturation.
(3). Unbalance in commutation angles of  some val?es due to unequal
converter transformer phase inductances.

It was experienced that due to energization of power transform-
ers in the a.c./d.c. link a severe distortion of a.c. voltages takes
place which causeszihigh content of characteristic and non-characterist-
ic harmonics and leads to overloading of d.c. side filters.

This study handles the harmonic phenomena on the d.c. side of

H.V.D.C. converter statiomns in a most general way.

The research was guided to cover the following aspects:

Firstly: The analysis and digital computer programs to calculate the
characteristic and non-characteristic voltage and current harmonics on
both 6-pulse and 12-pulse converter operations.

Secondly: ,It enables one to make as assessment of the level of voltage
and cufrent harmonics under any combinations df unbalance parameters.
Thirdly: The consequential d.c. line and filter branches currents that
are influenced by the converter station configuration and d.c. line
characteristics are considered for the unbalance case of harmonic con-
tent in the a.c. supply.

The study is performed using a steady state approach because
disturbances of the a.c. supply usually last for many cycles without
changing appreciably.

To account for all possible unbalance in parameters, a computer
program was written in the most general form, for this reason the a.c.
supply waveform was considered for a full‘cycle of six commutation and

six non-commutation, (conduction), periods for each three phase full




‘wave controlled bridge.

Voltage harmonics in case of }\/)\‘and A/ N 6-pulse operations
are first determined Separately and then the voltage harmonics for any .
cascade combination of the two connected bridges are found by phasor addition

of each harmonic order individually.

A.C. line-to-line voltage (VL_L) is chosen as a base in the derivation

of per-unit d.c. side harmonic voltages, and nominal d.c. side voltage

and current (v.), (I, ) are used as bases for calculating per-unit

dn dn

harmonic voltages and currents.

A representative combination of unbalance parameters is an-

alysed and the d.c. voltage harmonics are obtained for the following
cases:
ta) Unbalance in commutation angle (w) mainlyvdue té unequal
transformer phase inductances.
(b) Unbalance in ignition angle -(q) alone or in conjunction with
other parameters.
(¢) Depression in a.c. supply phase véltages.
(d) Imbalance of a.c. supply phase angles.
(e) A harmonic content in the a.c. supply-

Case (e) represents the most severe source of unbalance in

converter operation. A harmonic content in a.c. supply results during
fault conditions, or due to initial a.c. side current harmonics enter-

ing and propagating in the a.c. system, leading to voltage unbalance

particularly in the form of superimposed harmonic voltages. Moreover,
high inrush currents produced in power transformers due to a state of
saturation lead to a distorted a.c. supply waveform.

Chapter 5 illustrates an experimental set-up to investigate




the effect of inrush;currentvon the level of distortion in the a.c. -
supply voltages.v

A.C. side,harmonicé produced by converter operation in case of
insufficient a.c. filtefing can distort the a.c. supply voltages,ARef—
erence [1]. |

In the following anmalysis, casei(e) was considered the most
significant.

Instead of assuming arbitrary harmonic content in the a.c. supply
waveform, a harmonic anaiysisyis Performed on some a.c. supply waveforms
obtained from simulation studies for the case of 3-phase fault on the
a.c. system.

For a better ﬁndebstanding of the influence of a.c. harmonics

two cases of harmonic content in the a.c. supply are analysed.

(i) Balanced Case

all a.c. supply harmonics are the same for the 3 phases.

(ii) Unbalanced Case

It waé'considered that phaée'(c) has different levels of har-
monics than phases (a), (b) and for simplicity the phase angles
of harmonics in the 3-phases are assuméd the same.

The d.c. side vbltage harmonics are computed for the above
cases.

Considering these d.c. side voltage harmonics és a harmonic

. generator, the harmonic currents through filters and line are

calculated.

A special case of the 6th arm filter out of service is
considered énd consequential d.c. side ﬂarmonic currents are

calculated.




This study indicates a very important aspect, that:

When the harmonic content in the a.c. supply is determined the d.c.

side harmonic currehts could be calculated using a steady state approach
from the knowledge of d.c. side voltage harmonics. This procedure is
computationally very efficient and shown to be quite reliable.

The results obtained from the analysis presented in this thesis
are vefy'valuable in prediéting the levels of all d.c. side harmonics
under different unbalance conditions. It could be used as a data in

designing and setting the filter protection circuits. Moreover, the

proper shielding could be arranged to limit interference with telecomm-

~ unication networks, especially noise on telephone and telegraph systems.




CHAPTER 1II

CALCULATION OF D.C. SIDE VOLTAGE HARMONICS

2.1 Introduction.

The investigation of d.c. voltage and current harmonics is based
on the idea of regarding the rectifier and inverter as generators of harmonics
in the d.c. circuit. The harmonics of the e.m.f. of such a generator
are found from the assumption of an infinitelyfgreat inductance in the
d.c. side of converter, i.e., constant d.c. current operation.

The e.m.f. harmonics are functions of the a.c; supply voltages,
circuit parameters, and the angles of ignition and commutation.

To calculate the harmonic voltages on the d.ec. side, each period
of a.c. supply waveforms is made up of six conduction and six commutation
intervals. The a.c. waveform is treated in the frequency domain and hence
Fourier‘complex coefficients are determinéd for such waveforms in the
most general way to allow the inclusion of different combinations of
asymmetries such as imbalances in a.c. supply, ignition and commutation
angles, and the most:serdous case of distortion of the a.c. supply voltage
waveform which usually arises in the case of energization of transformers
and/or during faults.

The main objective of this chapter is to calculate the levels
of harmonic voltages on the d.c. side under the asymmetries outlined
earlier.

D.C. side harmonics are regarded as voltage sources. Harmonic
currents in filtering branches and transmission line are calculated from

these with the knowledge of the transmission line equivalent impedance




at each hafmonic frequency.

The procedure adopted for calculating the harmonic voltages for
l2-pulse operation, is to regard the 12-pulse operation aé a combin-
ation of 2 6-pulse operations with the second one having a phase
lead of (K . 30°) with respect to the Kth order harmonic. This
~ phase lead arises from the use of a A/A converter transformer for the
second bridge.

Fig. 2.1 shows the layout of a converter and the details of the
d.c. circuit. |

Fig. 2.2 fepresents 3-phase a.c. supply voltages and Voltage
during commutation.

The periodic wa&eform shown in fig. 2.3 is expanded in Fourier
series by usiﬁg a complex Fourier approach. This waveform is composed
of six conduction and six commutation periods in thebinterval of
(0 - 2m.

‘Fig. 2.3 illustrates typical operation of a 6-pulse converter
with ignition éngle (o) and commutation angle (u).

The ignition angles (a's) and the angles of commutation (u's)
for.theAsix'valves are defined individually to preserve the generalitj
of the analysis, in an attempt to take into account all abnormal con-
ditions arising from inequalities.

The phase angles (0's) and conduction angles (¢'s) with re-

veuesll and

spect to a fixed reference are defined in terms of q 6

l’
Ups eeeeesl
Fig. 2.4 represents the relationships between the angles used

in the analysis. For example

63 = ¢l to tu (2.1)




0/

5

Fig. 2.1 Layout of the converter




fixed reference
x

wt=0

x| Fig. 2.2 3-phase a.c. supply voltéges and voltage during commutation,




Fixed
Reference

X

Fig. 2.3 Typical operation of a 6-pulse bridge
with ignition angle (0) and commutation

angle (u).
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The fixed reference (x - x) is taken at 8, = wt; =0

2.2 Calculationvgg harmonic voltages in - 6-pulse Operation
As shown in fig. 2.3 a fixed reference is taken at Gl =0
and hence the fundamental components of the a.c. supply are defined as

~

. - _r
v, = Va cos (wt 3)
v .= Vb cos (wt ~ m) » ' (2.2)
v = V_ cos (wt + 5
(] (] 3

The representation of a periodic function f(wt) by a Fourier
series implies that the specification of its Fourier coefficients un-

iquely determines the function.
flwut) = T ¢, e (2.3

where K is the harmonic order, and CK is the Kth complex coeffic-

ient.
By Fourier's theorem, CK is defined as:
2w - .
-1 -jKwt
Ce = 3 J flwt) e dwt FQ.H)

where K =0, # 1, #* 2, veens
Usually, the positive Fourier coefficients are calculated as
complex numbers, then - the negative coefficients are related to the pos-=

itive ones by the relation

where (*) stands for the complex conjugate




~.. The reasén for u;ingfcomplex Fourier analysis, is that a Fourier
_complex coefficieﬁt Cx 1s equivalent to the'amplituae of the Kth
order harmonic phasor.
From fig. 2.3 the periodic function which is represented by a

Fourier series is divided into 13 portions from (0 - 2my.

Flut) = fl(wt) +‘f2(wt). + fa(wt) + fu(wt) + fs(wt) + fs(wt) + f7(-w1:)

+ Eg(0t) + £5(0t) + £ (0t) + £ (t) + £ (ut) + £, (wt)
' (2.5)
13

flwt) = I £ (wt) _ (2.8)
n=1 B )

The following table T.2.1 gives the definitions of the subfunctions

fl(wt), ....... ,fls(mt) and the bounds of application for a 6-pulse

--*/}. bridge rectifier.
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Table 2.1

——

Definitions and limits of subfunctions in a.c.

supply waveforms for 6-pulse /LAJ\ rectifier operafion

Function Definition Limits
(measured from the fixed reference)
= - . . < <
fl(wt) (vc vb) A 61 < wt < Ql + o,
'va + Vc
= - < <
fz(wt) ( 5 Vb) 61 +_al < owt < el + a, + u,
. = - < 
fS(wt) (va vb) el + a, + U <-wt < 62 + o,
vy F v, : ,
= - —— < -
£, (wt) (v, ) b, ta, < wt < 0, +a, + u,
fs(wt) =(v_ - v) 62 t o, + u, < wt < ~93 + o,
, vtV .
= - N < ’
fs(wt) ( 5 Vc).. 63 + ay < wt < 63 t o, + u,
f7(wt) = (VB - vc) : 463 + a3_+ u, < wt- < 64»+ 0,
: » v F v
fs(wt) = (vb - ———5———) eu to, < wt < 64 +oa, + u,
folwt) = (v = v) O, t @, +u, < wt < b5 + o,
. vb vc
flo(wt) = ( -v.) 65 ta, < wt o< 65 t o+ oy
fll(wt) = (vc - va) 95 tog tu, < owt < 66 + o
vF A
£ (wt) = (v, - —) O + asv S Wt < 85 +ag +ug
= - - < <
fl3(wt) (vC Vi) 16 + O t U, < wt < 2w+ el




2T
c, = = I F(wt) e Tt gy
K 2m
0
So,
0. +o 6. +0_+u
¢, = = {| % Le(uwry o IOt 4 , [1T1 g (wt) & TK9 44t
K o 8. +0 2
1 1 2
0_+0o 8. +0,.+u .,
. jz 2 £,(ut) o KOt 272" £, (wt) JKwt
0 +al+ul . 92+a2
0. +0 0 +0_+u
o+ [ 33 fs(wt) JKwt dwt + I 37373 fe(wt) JKWT ot
<] +0L2+u2 . esfa3
(6, +0 s 8, +o tu
+ J 4l £ (wt) e KOt ot 4 J bR fFolwt) e BT gt
: v63+a3+u3 eu+oz4
0. _+a . 0. _+o_+u .
- )
+ |58 £ (wt) e U guy f 5575 £o(wt) e KT e
eq+a4+u4 95+a5
6 +a . et +u
+ f 66 £, (wt) eIt gt 4 I 666 10 (wt) ]Kwt dwt
95-1-'0L5+u5 66+OLB- _
2ﬂ+9 .
" f g (wt) &TIUE dmt} (2.7
e +a +u

2.3 Calculation of Fourier coefficients fop A/ A 6-pulse operation

The same procedure as used in section 2.2 is used here. Since:
the voltage on the a.c. bus is common to both bridges the use of A/A
connection for the converter transformer for the second bridge give phase-
voltages on the secondary side in phase with the line voltages on the
primary side and hence advanced by 30°. A choise of v3:1 turns ratio
for,thevtraﬁsformer windings however, ensures the secondary voltage for

the A/A transformer to be of equal magnitude to A/A transformer.




The following table Table 2.2 illustrates the new function defin-
itions for 6-pulse A/A operation and the new limits with respect to
the same fixed reference chosen before. -

The definitionSof line voltages with respect to a chosen fi'xed

reference after modification by the & /AN transformer twrns ratio are

~

. _m - —

v, = Va cos (wt 6) vab//S
.  _ = 5my  _

Vo= Vb cos (wt - 6) = vbc/v/3

¢ = V cos(wt+ &) = o //3
c c 2 ca

Fig. 2.5 illustrates A and A. voltages with respect to the chosen

fixed reference.




b

Q

(fixed reference

Fig. 2,5 star and Delta voltages

with respect to the chosen fixed reference.




Table 2.2

Definitions of subfunctions and limits for

6-pulse A/AN rectifiep operation

T
t = - —
Note Gn 0 3

n
! N . ee -Limits
N
© Function Deflnltlon (measured from the same fixed reference)
4 Ve
- _ . LIPS < !
1 fl(wt) (vc vb) Gl < wt < e;_f~“1
v; + vﬁ , . B
W = - '+ < < '
2 f2( t) = ( vb) 61 a, < wt < el ta, tu
(0] = ! - ; ! < . < !
3 f3( t) (va Vb) el totu <ot 62 ta,
vg + vé .
5 - s —_— ! < < 1
T fu(wt) (va 5 ) 62 to, < owt < 92 to, + u,
W = . - v ! < < 1
5 f5( t) (va v ) 62 t o, + u, < wt < 63 t o
ve o+ v’ ,
= - ! < < 1
6 | fglwt) = ( 5 v,) 03 t a5 < wt < 03 tay +u,
7’ Id
= - ! < i < !
7 f7(wt) (Vb VC) 63 t o, + u, < owt < GLL + 0y,
| . Vé + vy
H - - ] < < ]
; | 8 f8(wt) (Vb 5 ) 9u + aq < wt < e4 + au + u,
: - s _ 7y ’ ' < '
9 fg(wt) (Vb v,) 94 to, tu < owt < 95 + o
_ YH + Vé
= (= = _ ! < < !
10 flogwt) — V) O +a; < wt < 05 + ag + ug
= - ! < < '
11) £ twt) = (v v_) 6 + o + Up Sowt <8+ oo
. Vé + Vb’
= - —— ! < < !
12| £ ,(wt) = (v, ) 0 + a; < wt < Og + ag + ug
- L 4 1 1
13| Fglwt) = (v - v) O *0g tug < wt < 2w+ 05
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The new limits and new definitions of subfunctions fl(wt), Ceres e,

flé(wt) are substituted in equation (2.7) to obtain the Kth Fourier

coefficient for A/A 6-pulse operation.

i e T e i Sl

Since the Kth harmonic in alA/k bridge leads that of g A /X
bridge by (K ° 30°), . +to obtain the harmonics of a A/ A bridge the

harmonic phasors in a ,*~/)\ 6-pulse Operation should be rotated through an

angle of (K " 309).

The harmonics in a 12-pulse operation are simply obtained as ?
the vectorial sum of the harmonics in both A /XN and A/N 6-pulse op-

eration.

2.4 Basis for computer programming

Using the complex Fourier analysis, the ih{egration of the funct-
ions fl(wt), ey fls(wt) is a4 repetitive summation proced- ?
ure. The same technique had been adopted by Reeve and Krishnayya for

. ; , . 1,3
a.c. side current harmonics™ ",

Consider the general form

A

v = V cos (wt ~ 8) (2.8a)

which is expressed in exponential form as

N << >

(JWt- 8 -jlwt - 9, (2.8b)

The definition of the integral of the function v between any* two gen-

eral limits L(I), IL(I + 1) is as follows:

~JKwt

v e dwt

L(I+1)
I(I) = f

L(I)




V(e -8) | ~jlut - 6)) ~Kwt

5 dwt (2.9)

IL(I+1)

L(I)

L(I+1) . - . . .
(1) = [ g, [ed(k-ut -0 -j(k+l)wt 387 dut
L(T) .
STy i R [ecsn il I
L(I) : L(T)
: (2.10)
Put ‘
_ , L(I+1)
11( - i -j(K-1)wt
F11(I,X) D e
L(I)
- ngl (e~j(K-l)L(I+l)_he—](K—l)L(I)) (2.11)
and
le(I,K) = (Kil) (e‘J(K+l)L(I+l);_efj(K+l)L(I)) (2.12)
The value of the definite integral I(I) tends to be equal to:
(1) = o.s.v.i(é'Je.. F11(I,K) + &i9 F12(I,K)).... (2.13)
From (2.13) and for different voltage functions Var Vpo Y
L(I+1) . _ ~ U3 5 3
Ia(I) = f v_ o~ Jkuwt dwt - o.5.va.(e . F11(I,K)+e ~ F12(I,K))
L(I)
L(I+l) . _ ~ -j'n' j'ﬂ'
L(n) = j v, e JKwt 5 = 0.5V (e 77 F11(I,K)+e” "F12(I,K))
L(I) ‘ ’
i3 -ig
L(I+l) . - ~ 3 - 3
I(1) = j v_ oTJKwt o = 0.5.V .(e ".F11(I,K)+e °.F12(I,K))
L(I) ’

(2.14)




2.5 D.C. voltage harmonics for a general case
To include the effects of harmonic content and phase imbalance

of a.c. supply voltages, the phase#voltages are defined as follows:.

N
v. = I Vv cos (nwt - 8 )
a - an an
n—
Noa 27
vy = § Vbn cos (n (wt - ?;0 - ebn) » (2.15)
n=1
N ~
v = .% Vv cos (n (wt + gﬂ) -0 )
c n=1 cn 3 cn

"~ A general digital computer program is writtén to calculate the
Kth order harmonic on the d.c. side taking into aécount distortion and
phése imbalance of the a.c. supply voltages defined by equation (2.15).
The procedure as explained in section 2.4 is adopted except
fhat a summation sign in the definition of a.c. phase voltages should
now be introduced.
The general integral I(I) in equation (2.9) takes the form

I(I) = e—]Kwt

™

dwt

L(I+1) N ~
J V. cos (nwt - 6 )
n n

L(I) n=1.

By continuity theorems, summation sign can interchange position.

with the integral sign, and then superposition theorem can be applied.

N L(I+1) . .
(1) = g% J V_cos (apt - § ) e_ijt dwt (2.16)
n=1 ‘(1) R o
N A~ (L(I+1)  -j8 . je_ . .
= 7 %- Vn f (e T Jnut +e Me jnwt)e JKwt dwt
n=1 L(I)

(2.17)




L(I+1) L(I+1)

N ~ -36_  j(n-K)wt j6_  ~j(ntK)wt
_ i ne ne
1) = nfl 2 Vn Le j(n-K) Te -j(n+K) 1
n#K L(I) L(1)
(2.18)
PR 36 _~i(mroer I
I(I) = E: 5 Vn [e- (L(I+1) - L(I))+ e m—- ]
n=l L(I)
n=K only
(2.19)

As the functions fl(wt), ceteeay fls(wt) are formed from the
combination of Var Vo Vo for 6-pulse A /A operation, or tv', A
vé) for 6-pulse A/A operation, the integral of any function of these
tends to a combinations of the prev1ously defined 1ntegrals I (I), I (I)
I, (I)

The magnitudes and phase angles of complex Fourier coefficients
for both 6-pulse and 12-pulse operations are obtained for harmonics
up to an order of (u8).

The "Complex Fourier Coefficients" program is checked using an-
other program to calcﬁlate the "Sine and Cosine terms".

Both programs gave the same results for balanced as well as un-
balanced operations.

The power frequency component and average d.c. voltage on the
d.c. side are obtained by using a separate program.

A special program is written to incorporate a.c. supply harmon-~
ics. |

Flow charts and computer programs are shown in Appendix (1).
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2.6 Unbalance- parameters

In order to gain a clear understanding of the harmonic phenomena
on the d.c. side first, the influence of each asymmetry is studied in-
dividually and later combinations pertaining to any realistic cases are

examined,

Cases of voltage depression in a.c. shpply are 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 conduction

periods of valves 1is studied.

To explain the notation adopted,
Va y = (¢m . ¢n)+ means, both conduction angles for

values m and n increase due to a depression in phase (a) voltage.
Fig. 2.6 illustrates the effect of voltage depression on the

magnitudes of conduction angles of valves in a 6-pulse operation.

a) Voltage depression in one phase

A - +
ot T 8 007+ (6, 0y, b0y 6)

Vb vy = (¢3, ¢6)— + (¢la ¢29 q)L[.’ ¢5)+
Vet = (0, 807+ (9, b, by, 07

b) Voltage depression in two phases

(Vs W) ¥ = (015 0y 0y )7 + (85 055 0gs 00T

(Vbs VC) + = (¢2: ¢3: ¢5: ¢6)— + (¢la ¢23 (b,_’_: ¢5)+
_ - +

(Vs ) % = (91, 8, 0,5 607 + (8, b, 9., 6,




Fig. 2.6 Effect of‘voltage depression in phase

(a) on the magnitudes of conduction

angles for valves in 6-pulse operation.




CHAPTER III

COMPUTATIONAL RESULTS

3.1 General

Uncharacteristic harmonics are likely to occur in a converter
operation due to the following imbalance conditions:

a) Imbalance of magnitude and phase of the a.c. supply fundamental

component voltage.

b) Imbalance in ignition angle (a) alone or in conjunction with
other parameters.
" ¢) Imbalance in commutation angle (u) mainly due to unequal con-
verter transformer phasé inductances.
d) Harmonic content in the a.c; supply produced either during faults

or due to the energization of transformers.

3.2 Effect of each imbalance parameter separately- .
Table T.3.1 shows the computed results of harmonic content on the
d.c. side in balanced 6-pulse and 12-pulse converter operations.

These harmonics are multiples of the pulse number and are called charact-

eristic or normal harmonics.




Table 3.1

Characteristic harmonics for 6-pulse and 12

-pulse

converter operations for different operating conditions
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VéASE (EY&) R.M.S8. = lbO%_
A;armonic - _ 0/0 voltage harmonic

ordep an =30 an =0 o = 150 u = 15° an = 20° u = 20° a = 15 u = 24
(K) 6-pulse | 12-pulse 6-pulse | 12-pulse | 6-pulse 12-pulse | 6-pulse 12-pulse
6 3.858 0.0 7.765 0.0 7.589 0.0 6.213 0.0
12 0.944 1.88 1.367 2.734 2.923 5.846 b.058 8.117
18 0.418 0.0 2.038 0.0 3.722 0.0 2.945 0.0
24 0.238 -0.469 2.149 h,298 1.634 3.268 1.196 2,392
30 0.150 0.0 1.306 0.0 1.216 0.0 2.005 0.0
36 0.104 0.208 0.452 0.905 1.851 3.701 0.866 1.732
42 0.076 0.0 0.889 0.0 . 0.916 0.0 1.189 0.0
L8 0.058 0.117 1.069 2.138 - 0.768 1.537 1.072 2.145




If imbalance takes place in phése voltages, non-characteristic
harmonics are produced. It was found that imbalance in a.c. supply fund-
amentals or imbalance in phase angles results in only even harmonics on
the d.c. side of the converter station. These results agree with Reeve

and Baronu.

Table 3.2 shows all characteristic and non-characteristic harm-

onic voltages due to imbalance in a.c. supply fundamentals.




28

Table . 3.2

Percentage harmonics in d.c. side voltage due to

unbalance in fundamental a.c. supply

Note: Only even harmonics are produced
(o = 15° , w =15°), (V. = (V) R.M.S. = 100%)
L-L
-5% in v_,w. ~-5% in phase

Harmonic -5% in A (+5% in avC ) angle ec
order ‘6-pulse | 12-pulse | 6-pulse | 12-pulse 6-pulse
(x)
2 1.115 1.032 1.116 1.932 1.15
L | ‘0.178 0.178 0.178 0.178 0.1178
6 7.635 0.0 7.50 0.0 6.181
8 0.097 0.097 0.097 0.097 0.0175
10 0.0133 0.0231 0.0133 0.0231 0.0717
12 1.3u4 | 2.689 1.321 | 2.6u43 3.921
14 0.01133 | 0.01963 0.0113. | 0.01962 0.0828
16 . 0.0403 0.0403 0.0403 | 0.0403 0.0634 .
18 2.004  |0.0 1.97  |o0.0 2.862
20 0.047 0.ouv '0.047 0.047 0.04148
22 0.048 0.084 0.048 0.0839 0.0054
24 2.113 4,227 2.077 L,155 1.186
26 0.0u4 0.077 0.04u46 0.0773 0.0236
28 0.0307 0.0307 0.0307 0.0307 0.0397
30 1.284 0.0 1.262 0.0 1.9362




Figure 3.1 illustrates the magnitudes of d.c. side mean voltage versus
imbalance in a.c. supply voltage

Figure 3.2 illustrates the harmonic amplitude spectra of d.c. side volt-
ége depfession in phase (a)

Figure 3.3 illustrates the harmonic amplitude spectra of d.c. side harm-
onic voltages due to voltage depression in phases (a), (b),
i.e., voltage rise in phase (c)

Unbalance in commutation angle (u) due to unequal converter
transformer phase inductances is considered in appendix 3(a) and fig.
3.4 illustrates the level of imbélance of u versus unbalance in in-

ductance for different operating conditions of a, u.

3.3 Combinations of imbalance parameters

The effect of different combinations of imbalance parameters is
also studied, and in table T. 3.3 magnitudes of d.c. side voltage harm-
onics for different combinations of previously mentioned unbalance para-
meters are illustrated. Harmonics up to 24 are included but the program

is capable of calculating harmonics up to any required order.
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Percentage d.c. side voltage harmonics under different combinations of unbalance parameters

(an = 150 , u = 2u0 VBASE = (VL—L) RMS = 100%)
: Ala,v ,vb) = 0.5
Harmonic *Ao = 0- 50 Au = 0,5° Ao,u) = 0,50 Ala,v_ ) = 0.50 a -2%
order 0.5° -2% -2%
(K) 6-pulse |12-pulse 6-pulse | 12-pulse 6-pulse [12-pulse 6-pulse |12-pulse 6-pulse }12-pulse
0 117.78 235.56 117.94 235.8 118.02 236.05 116.99 233.99 116.213 |232.42
1 0.085 0.164 0.062 0.119 0.1u46 0.285 0.085 0.164 0.083 0.161
2 0.080 0.139 0,061 0.106 0.057 0.099 0.516 0.895 0.507 0.87
3 0.073 0.139 0.0 0.0 0.073 0.103 0.073 0.103 0.0717 0.101
Yy 0.063 0.063 0.061 0.061 0.08Y4 0.08Y 0.05y 0.054 0.0177] 0.0177
5 0.053 0.027 0.106 0.055 0.143 4 0.074 0.053 0.027 0.052 0.027
6 6.21 0.0 6.28 0.0 6.27 0.0 6.168 0.0 6.127 0.U
7 - 0.037 0.019 0.106 0.055 0.142 0.073 0.0369f 0.019 0.036 0.0189
| 8 0.037 0.037 0.061 0.061 0.054 0.054 0.039 0.039 0.032 0.032
9 0.043 0.061 0.0 0.0 0.0u1 0.058 0.043 0.0613 0.042 0.u42
10 0.053 0.092 0.081 0.106 0.041 0.071 0.026 0.045 0.048 0.083
11 0.063 0.123 0.106 0.205 0.166 0.321 0.064 0.123 0.062 0.121
12 4,04 8.08 3.038 7.876 3.922 7.84 4,017 8.034. 3.99 7.98
13 0.080 0.155 0.106 0.205 0.174 0.33 0.0804 0.155 0.078 0.152
4 0.084 0.14 0.061 0.106 0.076 0.132 0.1108 0.192 0.1137 0.197
15" 0.086 0.122 0.0 0.0 0.085 0.121 0.086 0.122 0.084 0.119
16 0.084 0.1u7 0.061 0.061 0.088 0.088 0.066 0.066 0.062 0.062
17 0.08 0.0416 0.106 0.055 0.1708 0.088 0.080 0.0416 0.078 0.u62
18 2.93 0.0 2.99 0.0 2.98 0.0 2.914 0.0 2.895 0.0
19 0.063 0.033 0.106 0.055 0.173 0.089 0.063 |  0.032 0.062 .:0.032
20 0.053 0.053 0.061 0.061 0.026 0.026 0.06Y 0.069 0.062 0.062
21 0.0u43 0.061 0.0 0.0 0.047 0.066 0.u43 0.043 2.042 0.0605
22 0.037 0.064 0.061 0.106 0.0701 0.121 0.036 0.063 0.038 0.066
23 0.037 0.072 0.106 0.205 0.135 0.261 0.0368 0.0712 0.036 0.0706
24 1.19 2.382 1.106 2.213 1.098 - 2.197 1.183 2.367 1.175 2.35
% Aw o= 0.5° is taken as all valves except ome are working at same (q).
Au = 0.5° is taken as four valves are working at same (u) while the other two are working at different (u).

W




3.4 Effect-gg harmonic conteni‘ig;a,c; supply &oltage

The effecf.of harmonic content in the a,c, supply voltages is con-~
sidered the most severe case that gives rise to nonacharacteristic harm-
onics of all orders and of comparatively high level,

Instead of assﬁming arbitrary harmonic content, two waveforms re-
presenting a.c, suﬁply voltages during faults are obtained from result;
of simulation studies for the second bipole of Manitoba Hydro.

One full period of each a.c; voltage waveforms was photographically
amplified to a reasonable size, and then divided into 24 ordinatesvto
allow'determination of harmonic content up to 1lth order by using a
numerical Fourier analysis,

Figures's.s.a, 3.5,b illustrate these photographs of the chosen
a.c. supply waveforms,

A.C. harmonics up to 9th . order are considered significant for
the results in this thesis,

The computer program was written to be cap@b;é to study an& arbit-
rary coﬁbinations of harmoﬁics in the a.c, supplf voltages. In the work
bdohe by Reeve and Béronq,konly 239_ and 3rd a.c. side ﬁarmonics were
taken into account and the treatment of imbalance of a.c, supply Volfage
harmonics was restrictive, |

Table T. 3,4 shows percentage harmonics in the chosen a,c., voltage

waveforms.




Fig., 3.5 (a) Distorted a.c, supply .vo’ltage’v’s (phaéé a)
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Fig. 3.5 (b) Distorted a,c, supply voltages (phase c)




Table 3.4

Harmonic content in a.c. supply voltages in

(Vbh max = 100%

percent

)

Phase (b)

Harmonic Phase (a) Phase (c)
order (va) (v) (vc)

K
1 57.99 /60,0° 57.99 Lég;gg 55.85 /60.0°
2 12.35 /57,54 12.35 /57.54 L,84 /57.54
3 1.8 /124,39 1.8 /124,39 6,18 /124,39
L 9.2 /250,7 9.2 /250.7 4,38 /250.7
5 3.66 /138.35 3.66 /138.35 4,82 /138.35
6 1.81 /76,08 1.61 /76.08 0.088 /76.35
7 1.99 /107.08 1.99 /107.08 1.69 /76,08
8 9.9 /94.73. 9.9 /94,73 0.61 /107.08
9 1.6 /29,46 1.6 /29.u6 1.62 /29.46

The a.c. distorted supply voltages are classified on account of harmonic

content into balanced and unbalanced.

Balanced Casge:

The 3-phases have the same harmonic content (magnitude and

phase angle) as phase (a)

Unbalanced Case:

The phases (a),

while phase (c¢) has different magnitudes of harmonics, and for simplic-

(b) are chosen to have the same harmonic content

ity the phase angles are chosen same as for phases (a), (b).




Figs. 3.6a and 3.6b illustrate a.c. supply waveforms for the two
- classified cases of balanced and unbalanced a.c. harmonics.

The resultant d.c. side voltage harmonics due to both cases of
unbalanced and balanced harmonic contents in the a.c. supply are calcul-
ated for 6-pulse and 12-pulse converter operation.

Table - 3.5 shows the levels and orders of ch' side voltage
harmonics, produced by the balanced and unbalancea a.c. supply waveforms
shown in figs. 3.6a and 3.6b. |

As a result of a distorted a.c. supply, the d.c. side voltage
will contain harmonics of different orders and magnitudes.

It was found that the d.c. side voltage contains dominant tripl-
en harmonics produced on account of high le&els‘of even harmonics in
a.c. supply voltages. The balanced case of harmonic content in the a.c.

supply voltages leads only to triplen d.c. side harmonic voltages.
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Table 3.5

D.C. side voltage harmonics in percent on T Ll

account of balanced and unbalanced a.c. harmonics

(Vpage = Vg, = 1-35 x (V_pJR.M.S. = 100%)
Harmonic i Ya

drder (Balanced a.c. harmonics) (unbalanced a.c. harmonics)
n -- 6~pulse | 12-pulse 6fpulse l?-pulse
i1 0.0 0.0 | 2.99 4.9

2 0.0 0.0 | 1.72. 2.98 |
3 21.54 | 0.4y 17.41 | 24,62
b 0.0 0.0 1.02 1.024 ‘
5 0.0 0.0 ' 2.01 1.04 j
6 6.277 | - 0.0. 6.35 | 0.0 |
7 ' 0.0 0.0 0.255\ 0.132
8 : 0.0 ' o;o 0.285 0.28
g 1.24 1.756 1.04 1.48
10 0.0 0.0 0.264 oy
11 0.0 0.0 0.131 | o0.oug
12 8.5 7.0038 3.47 6.94




The d.c. wvoltage harmonics will act as a harmohiq generator,

"~ and the waveforms of suéh generator for balanced and unbalanced a.c.

supply harmonics are studied for 6-pulse .and 12-pulse operations. :

The_harmoniq generator waveforms are shown in figs. 3.7.a, 3.7.b, 3.8.a,

- 3.8.b.

For illustration, a discrete amplitude spectra of d.c. voltage
harmonics is shéwn in fig. 3.9 for 6-pulse converter operétion.

Cases of odd and even a.c. supply harmonics are considered sep-

arately and the resulting d.c. side harmonics are obtained for each case.

These cases are similar to those studied by Reeve and Baronu, and re-

produce the same results.

3.i5 Conclusions
a) Imbalance of ignition angle (o) alone or in conjunction
with other parameters produce a whole spectrum of d.c.

side harmonics. o

b) Imbalance of a.c. supply fundamentals produce only even harm-
onics on the d.c. side of converter.
c) 0dd a.c. supply harmonics, if balanced do not add any non-

characteristic harmonics, if these odd harmonics are un-

balancedbin the 3 phases of the supply, they add to even
harmonic orders on the d.c. side of converter.

d) Imbalance in commutation angle (u) produce the whole

spectrum of d.c. side voltage harmonics.
e) Even a.c. supply harmonics produée a spectrum of odd d.c.
harmonics on the d.c. side, and in case of balanced even
~a;c. harmonics in the 3 'phases of the supply, only triplen

‘harmonics are produced.
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In all above cases, the characteristic harmonics,
which already exist during normal operation are pract-
ically of the same magnitude, i.e., the asymetries do

not modify these harmonic to a large extent.




CHAPTER IV

CALCULATION OF D.C. SIDE HARMONIC

CURRENTS

4.1 Introduction

In Chapter 3, the d.c. side voltage harmonics are calculated for
various asymmetrical conditions. In the following analysis these d.c.

side voltage harmonics are regarded as harmonic sources, and for both

6-pulse and 12-pulse converter operations, the current harmonics in
filtering branches and transmission line and also the voltage drop across
filters are calculated.

In this chapter a procedure is established for the calculatioﬁ
of harmonic currents in various components including line on the d.c.

side of a converter. The harmonics are generated due to various asymmet-

ries discussed in Chapter 2 and 3. ‘The results of thls chapter for the
sake of compactness deal w1th the harmonics generated due to distortion
in the a.c. anefcrm only, which anyhow provides'the.most-severe case and
causes system breakdown. |

References [7,8] show the procedure adopted in calculatlng d c.

'side harmonic currents; Moreover, the procedure had been elaborated in
Appendix 2.(a).

There are two main reasons for calculating the harmonic currents on the

d.c. side:
(a) Determining the level of harmonic currents through the 6th arm
and 12th arm filters and the voltage drop'acro§s filtering branches

are needed to set up the protection circuits for the filters. Manitoba




Hydro has experienced tripping of EEE arm filters sometimes due to the
_.energization of generator transformers which lead to an interruption of
power flow through the d.c. pole.

Although this occurs under certain specific conditions of sys-
tem connection and system configuration, thé maiﬁ reason is
the high levels of harmonic currents on the d.c. side produced d;; to
eXtreme distortion in the a.c. supply.voltage waveform. The results of
this chapter Provide a basis for analysing these fault conditions and
othersarising from various asymmetries in the system operation.

(b) Harmonic currents cause interference with the telecommunication,
especially noise in the telephone lines. So, the levels of harmonic
currents should be reliably predicted to provide sufficient filtering
and shielding.

At high harmonic frequencies, the d.c. line is electfically léng.
A representation of the d.c. line as a lumped (7) section is accepted
for first approximation. The () section parameters for different
harmonic orders' are shown in Appendix 3, (b).

The harmonic cqrréht corresponding to each harmonic voltage is
computed and the principal of superposition is used to sum the different
harmonics to a net resultant current in the filters and d.c. line.

Although the procedure adopted in calculating d.c. side harmon-
ic currents are illustrated in different referencés 7,8, but the tech-
nique adopted here in regarding the problem in the steady state hag never
been wused, to author's knowledge, to calculate filter currents and volt-

age across filters,
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4,2 Basis for calculations

For each harmonic order, the harmonic voltage is acting as a
voltage source, and the system impedance is calculated at the correspond-

ing harmonic.

The following steps are used in the program to calculate harmonic
currents through the filters and d.c. line, and the voltage drop across

filtering branches:

Refer to fig. 4.1 for various impedances and admittances.
(1) YPIl(K) = YPI(K) + l.O/ZPI(K) . (”fl)
(2) z,(K) = 1.0/, (k) | (1.2)
(3) 2o (K) = 7, (K + Z_ (K) | | (4.3)
(u)‘ YPIL(K) = 1.0/zPIL(K) (n.n)
(5)' Yprpo(K) = Yo7, (K) + Y., (K) : (4.5)
(6) Yorp(K) = Yoo (K) + ¥, (K) - (u.6)
(7) Zp1rp ) = 1.0/Yp 1 (K) o (8.7)
(8) Y.(K) = Yo (K) + Y, 5 (K) | : : (4.8)
(9) 2y (K0 = 2, (K) + 2, () | (4.9)
(10) Yo n(K) = 1.0/ Z 50 (K) (4.10)
(11) Iror(K) = V(K) - Yoop (K) ' (4.11)
(12) IF(K) = ITOT(K),' YP(K)/YPILF(K) (1.12)
(13) I(K) = IF(K) -YB(K)/YF(K) : | (4.13)
W) 1,0 = I.(X) - ¥, (K)/YL(K) (4.14)
(15) Iimg(®) = Ioor(K) - I:(K) (4.15)

(16), VF(K), = 'IF(K)/YF(K) (4.16)
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where

Z.(K) = jKL (3.17)
- .0 [ ] _—l_ |

ZS(K) = Ry + 3K (wL6 “’Ce) (3.18)

Z1p(K) = R+ §eKe (aL, - <L - (3.19)

12 12 12 we, :

and V(K) is the Kth order harmonic voltage on the d.ec. side.

4.3 Analysis of the results

On account of balanced and imbalanced harmonic contents in the
a.c. supply,harmdnics are generated in the d.c. side voltage. These
harmonic voltages are calculated in the case of 6-pulse and lQ—pulsé
operations (refer to table 3.5 in Chapter 3), By.considering these
harmonics as voltage sources, filtep currents, voltage drop and line
currents are calculated in case of 6-pulse and 12-pulse converter
operations.

Table 4.1 illustrates the percentage harmonic content in d.c. side

filters and line currents for 6-pulse operation
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Table

4.1 Percentage harmonic content in d.c. side

filters and line currents for 6-pulse

converter operation

| (.o = 1800= 100)
6th arm filter current 12th arm filter current Line Current Filters Current
Harmonic T (1) ~_.(I12) (1) (1)

order ' :

K Balanced Unbalanced Balanced Unbalanced Balanced Unbalanced Balanced Unbalanced
1 .0/0° 0.105/43.4° | 0.0/Q° 0.04/43.4 0.0/0° 0.12/-42.2 0.0/0 0.145/43.4

2 .0/0° 0.072/-63.1 | 0.0/0° 0.26/-62.1 0.0/0 0.44/138,7 0.0/0 0.332/62.1

3 +338/-69.4 11.08/-69.2 | 0.428/20.7 0.34/-69.0 |5.20/115.8 [4.20/115.8 1.338/-69.4|1.419/-69.15
4 .0/0 0.299/-9.8 | 0.0/0 0.074-9.36 | 0.31/-178.2 0.31/-178.2 |0.0/0 0.372/-9.712
5 .0/0 0.567/0.16 0.0/0 0.083/1.42 0.11/-145.8 |0.11/-145.8 0.0/0 0.649/0.32

6 .955/-22.26 O.967£:£§;g 0 005/—21.37_0.005/—71.37 0.008/-100.9 O.OOBZ:EELQ‘ Of95£:gg&25 0’970/:l§;é§
7 .0/0 0.028/97.8 0.0/0 0.006/134.6 [0.0/0 0.005125;3 0.0/0 0.033/103.958
8 .Qéz O.OSOZL;QQLQ 0.0/0 0.0l71:§;2§ 0.0/0 0.008/139.12 0.0LQ. 0'020/l9§;§9
9 -193/50.27 . 10.162/84.02 | 0.22/<66.03 [0,18/133.67 | 0.07/41.2 0.059/89.12 10.219/-13.88/0.310/110.239
10 0/0 0.069/154.9 |0.0/0 0.16/-26.05 |0.0/0. 0.038/168.6 |0.0/0 0/091/-26.77
11 .0/0 0.0028/40.2 |0.0/0 0.016/-143.7 [ 0.0/0 0.0014/130.4 |0.0/0 0.0132/-144 52
12 +0022/-50.5210.0022/50.01 | 0.26/38.7% |0.269/39.67 0.001/-36  |0.0014/-36.8 O.QBGM 0.271/39.75

0s




Eigurés 4:2.(a), 4.2.(b) illustrate the Sth arm filter current wave-
forms for balanced and unbalanced a.c. supply harmonics for 6-pulse
opefation. |

- The d.c. side harmonic-currents had been determined using a
point-by-point digital simulator by Dr. K.S. Rao, Df. R.M. Mathurlo.
For illustration the Gth arm filter current waveform obtained by the
31mulator is shown in fig. 4, 2.(c) for the same case of balanced a.c.
supply harmonics.

Figures 4.3,(a); (b) represent the 6th arm filter current wave-
forms for balanced and unbalanced a.c. supply harmonics in case of 12-
pulse operation.

Figures 4.4.(a), (b) illustrate the 12th arm filter current
waveforms for 6-pulse and ‘12—pulse operationé, on account of unbal-
anced a.c. supply harmonics. |

In table T.4.2 the d.c. side currents are calculated for 12-

pulse operation.
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Table

4.2 Percentage harmonic content in d.c. side

filters and line currents for 12-pulse operation

(I

BASE

1800 Ampers)

6th arm filter current

12th arm filter current

Line Current

Filters Current

‘Harmonic (16) (I12) (IL) (IF)
order Balanced Unbalanced Balancéd Unbalanced Balanced | Unbalanced Balanced | Unbalanced
1 0.0/0° 0.17/40.5 | 0.0/0° 0.067/49.5 |0.0/0  10.198/135°.16 b.0/0° 0.236/43.04
2 0.0/0 0.126/-92.27 |0.0/0 0.046/177.7 | 0.0/0 _ 0.772/-18.7 0.0/0 ‘0.134/_—_11_2;_7_
3 1.893/-154.6/1.528/~114.18 | 0.604/-156.2 0.488/-156 | 7,34/18.8 [5.94/19.12 2.h96/1_51{:9_‘.{§_1,919/—123.94_
4 0.0/0_ 0.299/91.55 [ 0.0/0 0.074/159.3 |0.0/0 [0.312/-31.8 [0.0/0 - 0.334/103.37
5 0.0/0 0..293/164.8 0.0/0 0.042/170 0.0/0 0,058/-49.14 10.0/0 0.335/165.45
6 0.0/0 0.0/0.0 0.0/0 0.0/0 0.0/0 1o.0/0.0 0.0/0 0.0/0 ]
7 0.0/0 0.014/33.25 b.o/_i_ 0.003/150.25 | 0.0/0 _ 0.003/-19.65 [0.0/0 0.0129/45.192
8 0.0/0 0.03/106.6 0.0/0 _ 0.0168/74.8 | 0.0/0 0.008/-109.3. 0.0/0 0.045/95.2
9 0.272/-5.13 10.228/-2.94% | 0.31/176.54 [0.262/178.7 |0 10/3.78 [0.084/5.99  10.03894173.70.0347/-170.4
10 0.0/0__ 0.118/-95.92 |0.0/0 _ 0.279/88.17 | 0.0/0 0.066/-108.6 [0.0/0 0.1615/91.15
11 0.0/0_ 0.005/100.88 | 0.0/0 0.03/-74.64 | 0.0/0 _ 0.0022/90.4  0.0/0 0.025/-73.7
12 0.0044/140.310.0044/140.5 | 0,532/50.26 (0.528/50.41 0.0028/-360.0022/94.16 |0.00879/140. Y 0.528/5%3_‘




Figures 4.5.(a), (b) show the voltage waveforms across the
filtering branches for 6-pulse and 12-pulse operations on account of

unbalanced a.c. supply harmonics.

A.gdmparison is made between the effective R.M.S. values of filt-

ers and line currents during normal and abnormal operations. The effect-

ive R.M.S. value is calculated as

Table T.4.3. shows the calculated values of- 6th arm and 12th arm
filters and line currents for both normal and abnormal 6-pulse and

12-pulse converter operations.
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Table 4.3

Percentage effective R.M.S. value .of d.e. side Filters and line currents during

normal and abnormal operations for 6-pulse and le-pulse converters

(I ,cp = 1800 Amps)

6th arm Current (IG) 12th arm Current (112) Line Current (IL)
c
-ase 6-pulse | 12-pulse 6-pulse | 12~pulse 6-pulse | 12-pulse
Normal operation 0.8125 0.0013 0.2652 0;1562 0.00733 | 0.00081
(only characteristic
harmonics)
Abnormal operation 1,6004 | -1,619 0.5084 0.8236 4,238 6.002
(on account of ‘
unbalanced a.c.
harmonics)




Table T.4.4 shows the magnitudés'of harmonics in the voltage
across filtering branches for 6-pulse and 12-pulse operations in

both balanced and unbalanced cases of harmonic content in the a.c. supply.




Table &.u

Betcentage harmonic content in voltage

~across filtering branches in case of 6-pulse

and 12-pulse operations:

(VBASE =dX = 100%)
(IBASE = Idn = 1800 Ampers)

Harmonic 6~pulse (VF) ‘ 12-pulse (VF)
Order :

(x) | Balanced | Unbalanced | Balanced Unbalanced

1 0,0 0.0068 0.0 0.0112

2 0.0 0.0099 0.0 0.0172

3 0.303 0.245 0.428 0.34

4 0,0 0,109 0.0 “9;108

5 0,0 | o0.397 0.0 [ o.024
6 | 18.64 18.87 0.0 | 0.0

7 0.0 0.0108 6.0 0.005u
8 ‘ 0.0 0.002 0.0 0.00196 -

g 0.221 | 0.0008 0.013 0(00114.

10 0.0 0.022 0.0 . 0.0386

11 0.0 0.0102 0.0 0.0196

12 4,168 . b,134 8.33 8.27




Figures 4.6.(a), (b) represent the d.c. line current waveforms
in case of _6—pulsé -and = 12-pulse :-operations on account of unbalanced
harmonic content in the a.c. supply voltages.

Figures 4.7, 4.8 vepresent the amplitude spectra of 6th arm

and 12th arm filter currents for 12-pulse operation on account of un-
‘balanced harmonics in the a.c. supply voltages.

Figure 4.9 represents the amplitude spectra of the harmonic gen-
erator and voltage across filterslin case of 12-pulse operation on

account of unbalanced harmonics in the a.c. supply voltages.

A special case,‘when the 6th arm filter is out of service in
@ 1l2-pulse operation was studied. In table T.4.5 the harmonic currents
and‘voltagelacross the 12th arm filter are calculated for 12-pulse . §

operation.
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Table 4.5

Percentage harmonic currents and.

voltage across filters when 6th arm

filter is out of service, in 12-pulse

converter operation

100%

<l
|

<3
n

BASE = ‘dn

BASE = “dn

[l
I

H
n

100% = 1800 A

‘Harmonic 12th arm current (112) 12th arm voltage (V.D,)

order Balanced | Unbalanced Balanced | Unbalanced

i' 0.0 0.0326 0.0 0.0

2 0.0 0.0211 0.0 - 0.0 g
3 | 0.2517 0.203 0.02096 |  0.0169 |
T 1 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

8 0.0 0.1306 - 0.0 0.0026

g 0.294y . 0.2u8 0.1575 0.0488

10 0.0 0.037 0.0 0.132

11 0.0 - 0.0126 0.0 0.0076

12 0.2667 0.26477 8.376 8.265
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Figure 4.10 and table T.4.6 illustrate the'd.c.4¢ircuit harmonic

. Table 4.6

D.C. circuit harmonic impedance

'Vdn
lp.u. = 172 ohms = {(—=
. I
dn
Harmonic ‘
order 1 2 3 b 5 6 7 8 9 10 11 12
(x)
Z system | 15.85 | 4.85 (6.25 | 11.10 {3,581} 6.55]9.26 | 12.87 29.69 { 4.69 | 10,53 | 13.11
(p.u.) '
*Z loop- 20.4 | 7.82|2.5u 0.954 13.82 | 6.55 ' 9.67 | 15.52 /19.76 | 6.81 | 10.67 | 13.11
(p.u.)
|
% ZLoop represents the impedance of the loop formed by 6th arm,

12th arm filters plus the damping reactor (0.5H)




Ilz(lcm=108A)

Vpole(2)

Thole(2) (1.5cm=1800a)

Thole(1) (1.5cm = 1800a)

Fig. 4.11 Typical recorded waveforms of 6th arm, 12th arm, and d.c. v T

pole voltage and current waveforms (Manitoba Hydro~-Nelson
River Scheme), ’




by Concluéions

The distorted a.c. supply waveformsconsidered in Chapter 3, have
dominant even harmonics which produce high levels of odd harmonics on the
d.c. side voltage. | |

The d.c. circuit impedances_ have low values fbr'some of these
harmonic orders (2; 3, 5, 10), which cause high magnitudes of harmonic
currents to flow through the 6th arm and 12th arm filters. Iﬁ turn
the voltage drop across filtering branches could exceed the threshhold of
protection circuits for filters, which céuses the tripping of filters,
hence blocking of the whole d.c. pole.

Fig. 4.11 illustrates typical recorded waveforms of 6th arm,
lgzé_ arm and line currents during overloading, for Manitoba Hydro
Nelson River D.C. Scheme.

In this chapter it is shown that for a given a.c. supply wave-

form, harmonic currents on the d.c. side could be calculated.
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CHAPTER V

EXPERIMENTAL INVESTIGATION OF THE HARMONIC PHENOMENA

5.1 Introduction

In Chapter 3, 4 it has been shown clearly that a.c. supply volt-
age distortion is the major cause for the generation of harmonics on
the d.c. side of HVDC converters.

Imbalance and distortion in the a.c. supply voltages occur mainly
during transients and fault conditions which usually lasf for many cycles.

It was experienced that under certain configurations of the inter-
connected a.c. system, cases of highly distorted a.c. voltages take place
subsequent to the energization of power transformers due to their in-
rush currents.

The voltage distortion is accelerated if the transformers to be
energized are located at the far end of a transmission line as in Kettle
Rapids of Nelson River Scheme. The distortion depends on the instants
when the transformers are energized and re-energized, since the magnit-
udes of the inrush currents arve dependent on the magnetic state of the
transformer magnetic core and instant of energization, the inrush
current effects are, therefore, not repeatable but we must concern our-
selves with the worst situation.

In connection with transformer energization it was anticipated
that simultaneous energization of two parallel connected transformer
banks present an added complexity in that if the magnetic states of two

banks are different, an oscillatory interchange of inrush currents takes

bPlace which tendsto sustain the a.c. voltage waveform distortion for very




much longer time and that the total current in the collector line is not
the'simple phasor addition of the currents in the banks.

The investigation taken up in this chapter is to verify tﬁe
above by conducting simple tests in the laboratory to simulate the field

conditions as best as possible.

5.2 Experimental set-up

Fig. 5.1 illustrates the circuit diagram, where the a.c. supply
is replaced by a synchronous genefator driven by a d.c. motor.' A syn-~
chronous generator was chosen to simulate the limited power source be-
hind the a.c. bus. Use of normal a.c. 3-¢ supply generates an infinite
bus condition.

The generator is fed through a set of inductors. A 3-¢ variac
was employed for adjustable values of inductors.

The experiment is performed in two cases, first: transformer
banks are connected in A /A, second: they are connected in }\/ﬂ.. The
transformers secondaries are open circuitéd.

The neutrals of the banks are connected through a variable re-
sistance to the neutral of the supply to simulate earth resistance.

The inrush current waveform was displayed using the first channel
of a 2-channel storage;oscilloscope aﬁd a resistive shunt of 4 ohms.

The phase voltage waveform is displayed using the other channel
of the storage oscilloscope with1:10 resistive volfage divider.

As shown in fig, 5.1 3-pole switch (s is provided to allow

l)
isolation between the two transformer banks, another single pole switch
(82) is provided to disconnect the neutral wire.

The ratings of the circuit elements are shown in fig. 5.1.
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Neutral wire

5kvA, 0.8p.F

120/240° , 1800 r.p.m.

Transformer
Bank 2

(Secondary S/wW 1
0.¢)
Star or /f(
Delta
e

>

240/120°
12.5/25
5KVA

Transformer
Bank 1

(secondary 0.C)

Star or Delta

Fig, 5 1 Circuit diagram of the experimental set-up
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5.3 Anaiyéis gfhfﬁe results

A number of tests were performed using the set-up of fig. 5.1;
In the following papégraphs some of the results are presented and dis-
cussed which lead téhinteresting conclusions.

a) The infush current waveforms last for a comparatively much longer
time in case of para;lel connection of transformers, in our exXperiment
for more than 9 times as comparedto energization of a single bank.

Figures 5.2, 5.3(a) show the currents in case of one bank and
two banks of transformers during energization (transformer banks érev
connected in Ay,

| ' Fig. 5.3(b) shows the current in case of 2-bank energization
(transformer banks afe connected in A /A).

- Figures 5.4, 5.5 show the details of inrush current in case of
engrgization of one bank and 2 banks (transformer are céﬁnected in
A/n).

Eigureé 5.6,k5.7 show.thé"details of inrushvéurrentvin case of
energization of one bank and 2 banks (banks are connected in /L/)O.

| b) A high distortion in the a.c. voltages was found especially in

case of the neutral connection of the two banks while the generator
neutral is isolated.

The voltage distortion in case of 2-parallel banks was.found
to be highér than in case of one bank aloné, figs. 5.9, 5.10.

Eigure 5.8 shows the phase voltage waveform without distortion.

Figures 5.9(a), 5.9(b) show the distorted phase voltage in
case of one bank and two banks (banks are connected in A/n).

. Figures 5.10(a), 5.10(b) show the distogted phése voltage wave-

forms in case of one bank and two banks (banks are connected in /k/*J.




Fig. 5.2 Inrush current waveform
- (one-bank &/X)

oV /Div

0.5 Sec/Div (one division = 7.5 mm)

Fig. 5.3(a)

Inrush current waveform
(2-banks ~/A)

5V /Div A

0.5 Sec/Div

Ts

Ts %

I
]
€
I
i

Fig. 5.3(p)

Inrush current waveform
(2-banksi\ /N

5V /Div
0.5 Sec/Div
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Fig. 5.4 Details of inrush current

(one~-bank "A/A)
SV/ Div
20 mS/Div

Fig. 5.5 Details of inrush current
(2-banks A/A)
57 /Div
20 mS/Div

Fig. 5.6 Details of inrush current
(one-bank */XN)
10" /Div
10 mS/Div

Fig. 5.7 Details of inrush current
(2-banksA /)
10" /Div
10 mS/Div




Fig. 5:8 Phase voltage waveform
(no distortion)
5V /Div
20 mS/Div

Fig. 5.9(a) Distorted phase voltage
(one-bank*A/A)
10" /Div- '
20 mS/Div

Fig. 5.9(b) Distorted phase voltage
(2-banks%K/A)
107 /Div
20 mS/Div




76

‘Fig. 5.10(a) Distorted phase voltage
' - (one~bank "A/N)
10" /Div
10 mS/Div

Fig. 5.10(b) Distorted phase voltage
(2-banks /N
10" /Div
10 mS/Div




¢) From figures 5.6 - 5.7 it appeérs that the harmonic content in
the inruéh current ‘waveforms are mainly triplen harmonics.

d) 1If thé neutral wire.is connected to the generator neutral through
a resistance, a.c. supply vqltages are also distorted.

e) The inductance, in the a.c. circuit plays a mafor role on the
level of distortiohs on the a.c. supply, and hence a higher distortion
of the transformers are located at a distance from the a.c. bus.

f) In case of abscence of a neutpal wire between the transformer
banks and generator neutral, highly distorted voltage waveforms are ob-

tained,

5.4 Conclusions

Although the experiment was limited and in.the abscence of a point
on wave switch, all results corresponding to a known-instant of switch-
ing could not be obtained, it is nevertheless shown clearly that the in-
rush current during energization of interconnected a.c. side transformers
cdn cause a severe distortion in the a.c. supply waveforms, which in
turn produce high magnitudes of harmonics on the d.c. side of a converter
station.

The‘fesults ;btained from the experimental investigation highly
recommend that the generators and the neutrals‘of transformer banks be
solidly grounded to minimize the distortion in the supply voltages due
to inrush currents.

It is noteworthj to ﬁention that the distorted a.c. supply wave-

forms which had been analyzed in'Chapter 3 look to some extent similar

to the voltage waveforms obtained from experimental analysis.




CHAPTER VI

SUMMARY'AND'CONCLUSIO§§‘

6.1 General

The main objective of an assessment of the level of d,c, side
voltage and current harmonics underp any combinations of imbalance para-
meters has been successfully acheived.

Normal imbalance of converter is a steady-state prbbleﬁ and as

such the threatment of this thesis is fully justified, The imbalance and

distortions 6f the a.,c. bus voltages which arise on account of a.c, sys-
tem disturbances, such as.three - phase faults and inrush current caused
effects due to the energization of generator transformers, are found from
field records and experimentally on a reduced scale model in the laboratory,
to last for a significant duration of time. The.éteady—state approach

is considered quite satisfactory for all these cases.

The results of this thesis are computed very economically as

compared to the investigation of the same problem on an analog or digital
d.c. simulator and yet the reliability of the results is not significantly
| .

infiuenced.

For the analysis of this thesis the converter valves were pe-
DPresented as ideal switches and the a.c. supply waveform was analyzed
to obtain the harmonlcs using a complex Fourier analysis in the frequency

domain.

The analysis covers both the & and 12 pulse operation of

converters,




' 6,2 D,Ci_Side Harmonig§‘

It was found that different unbalance parameters glve rise to
diffement harmonic spectra on the d,c, side
The following cases were studied;

a) Unbalance in ignition angle (a)

Unbalance in ignition angle separately or in conjunction with
other distribances, produce a complete spectrum of d.c. side harmonics.

b) Unbalance in commutation angle (u)

This unbalance arises due to unbalance in the leakage reactance
of transformers, This type of unbalance results in a spectrum of all

harmonics on the d,c. side,

c) Unbalance in the a.c. supply
(1) Voltage imbalance ih any one phase of the a.,c., supply
result- in a spectrum of all even harmoniecs,
(ii) Phase angle imbalance in a.c. supply produces a spectrum
of even harmonics on the‘d.c. side, . BN
(iii) Even harmonics in a,c. supply pro&uce-only odd harmonics
on the d.c, side, and if the even a.c. supply harmonics are bal-
anced in the three phases they result in triplen harmonics on
vfhe d,c, side, |
(iv)b Balanced bdd a.c. supply harmonics do not contribute to
any uncharacteristic d.c. side harmonics,

d) Modification in characteristic harmonics

Most unbalance parameters practically do not modify the mag-

nitudes of the characteristic harmonics.




6,3 General Conclusiong'

It is found that the non~characteristic harmonics are generally
small in relation to the lower orders of characteristic harmonics, but‘
they cannot be ignored,

Upon calculation of the d.c. side harmonic currents, it was
found that the aggregate effect of the whole spectrum of nonécharacteristic
harmonics is most pronounced, due a low impedance of the d.c.

V circuit at certain frequencies,

These non-characteristic harmonics exceed the normal tolerance
in the ratings of the filters and also the noise and interfereﬁce levels
for communication lines,

The cases studied for a,c. voltage distortions showed worst
overloadings of 10,000 ¢ | ~ for 6th arm filter and 500%  for
12th arm filter.

Such studies of problems involving computation of the levels of
d.c. side harmonic voltages and currents are regarded extremely useful
as a starting point in the specification and design of adequate filter-
ing and shieldiné on the d.c. éide of converter stations,

The d,c. side harhonic currents into any d.c. filter or the -d,c.
line will depend on the impedance of the d.c. side seen- from the conver-
ter station d,c, terminals.

The representation of the d.c. line for different harmonic orders-
is difficult, and énly lumped parameters could be specified to trans-
mission line impedance and admittance, usually these parameters are
obtained from experimental analysis.

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

need modification to include the secondary feedback and control circuit
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effects,
. This work could be considered as a first approximation of the
problen of compﬁting the harmonics on the d,c, side of converter station,

also in explaining the theoretical aspects about generation of non-

characteristic d,c. side harmonics.
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APPENDIX I

- Flowchart and computational programs for d.c. side voltage harmonics

The calculation of the converter.dec. voltage harmonics is done
using the complex Fourier coefficients approach., There are two reasons
for working the problem in the frequency domain instead of the time domain:
(1) The magnitudes of Fourier complex coefficients represent directly

fhe amplitudes of the harmonic voltages.
(2) The Simplicity of transferring integrals in a closed form to a re-
ﬁetitive procedure of summations;

The program is checked for the balanced cperation of the converter
bridge where only characteristic harmonics are produced. A special
program is written tovcalqulate the mean d.c. voltage'and.the fundamental
harmonic component which was found to be practically negligible.

| To include harmonic content in the a.c. supply waveforﬁ, another
program is writfen to accomodate.the extra a.c. supply harmonics besides
the fundamentals. This program is also checked for the balanced operation
when only the characteristic harmonics are produced.

In the following, a simplified flowchart is shown. Later cop-
ies of the three programs used for calculating the d.c. side voltage

harmonics are appended.




START

READ DATA

DETERMINE A/ A

Voltages & Limits
of integration

A
CALCULATE A / A
OR |- '

I

SHIFT A/ A
Harmonics by
+K%(30°) to
obtain A/ X
harmonics

| 6-pulse harmonics

DETERMINE A/ A -
Voltages & New Lim-
its of integration

W.R,T. same fixed
reference

CALCULATE A/ A 6-pulse

* Harmonics

;

ADD VECTORIALLY TO
A/ N harmonics to obtain
12-pulse harmonics

} PRINT OUT é

FLOWCHART OF D.C. SIDE VOLTAGE HARMONICS
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DY(K)=CATS (CCC(K))
D¥{K)AIMAGIDCC(K))
DNLW) =" AL (CCC{¥))
CONTIMNY.
12 PULST  OPEpRATIAOMN
D6 11 K=2,40
CI2{KY=CCIKI+DCC (k)
Y12{(KI=CARSICLI2(K))
MLI2(K)=ATMAG({CLZ2(K))
NI2IKI=REA4L(C12(K))
CONT INUE
DO 100 K=2+48
PRINT 5S
FORMAT(Y ¢, 1STAR/STAR F=PUI_SE ")
PRIMNT20 4KV K) ¢N(¥)
FOP“AT('_’.'OPDEP='.IS.BX.'INAG='.F10.7-3Xo‘REAL='oF10o7)
CONTINUL : .
0c 200 w=2,48
DEINT £
FORMAT (' _ *,'CZL TA/STAR  6-BULSE?)
PRINTZEO K TY(K) 4DN(K) .
FORMAT('_'"CQDFR='oIS.3X.'INAG:'.FIO-?;BX-'PEAL="F10o7)
CONTIMNYZ
b 300 K=2,49
PRINT = 7% ' : . e
FORMAT(?_ 1,¢12-PULSE GPERATICN!)
PREINTA0O WK ¢ VM1Z2(K)NI2(K) » .
FGQNAT('_'o’DPD§9=',ISo3X"INAG=‘.F10;?o3Xo'FFAL='oFIOo7)
CONTINUL -
nn ann K=2Z,47
CPRINT | gn
FORMAT(s ¢ 030
PRINT S03K,Y(K
FCRMAT (Y _ ¢ s ORNER=', ]
Xt12=-PUL3% =9,F10
CONTINLE
sSTOPR
FAD




89

- -
I el
L 4 -~
L SV RN N o
V20 M W

Lt X o

>~ ) X s~ oy

e e (et
[P A Y S
e e e
N W e~ [~
el ewe ) ey
0} et MUY g =~
LN 3 X~ )~
>0 e X DD

CT U eZ0N o Xw>
Le>Samezxz~A e

om @i () m oo~

ING NS TNE

QoW
Vi 2 O

~

U

-t o~
~ e N\J
~NU
J) et X~
— - N0
LRSI N
HU~v

~— e} »

V(1845 15),FCM(15,15)

— o~y o~

* U DY~y

eI T e 0
C i P 0 e (V)
ol mNietd & @
O XN et IO e Y UG e
—_] 'l\'..l(\bl\.l.: Q) ® bt b bt ot -
QU NS~ AU} dp it D~ 0 o e O~
el )t i~~~ D 2 QA X Uil & 0 e O
Y2 Zw ) ONUNL QN QO
* L v 0T s d e

CZ Y X I~ )~

X4
X

CavPL 2

CCMELEX
COMPLLX
CCNPLEX
CCMELEX

HAUMNINEONDOONMINONDO O~
Ll X R R R R Y NN XE ]

== HB eQ Z

7..1\')1,(IIIA31(KK:¢
(IIVA(((T/:A.(( et 5
I o X QT UL Y XTI SO
XUAXNNA#D XXX i li i tv

AD, {

[

....:q.\ua,.(kNN

-,

COUMELE X
READ . (BR

RQAD.(

U
—~ - >
coaaq *
o e> >~
MM FF o~ -

A~ Uw~~
R dOZ2amU
QOQLL-X XX
LELE 'S S A
LGN~ CO
QGO ¢ o e
X ke e eCCO
X X A O~ e
~ e XX X

e N e~ W 3§}
wnaoq

PR

w:
33

34
7
39

e

OO L

1

41

-
—~
Oy
Nt

3

44

v3y)

ugad)

48
ar

-
-~
[I§]

~

2

+ ~ +
)+)4)+\:+)\:)\.I
\I\I\l\l)\l\l\l\lb
11?:).1#.2_/445(\(!\.3
e e e e e XXX O
KXXX XXX + b+
LA AL IR AR A A e T Y
ekl R R R N o RVa BN I &
[ K KA SRAVR A B 445(!\()
W N N Nt Mt N N (LD
LI LLIOLINLOWUS
OOMU OC 0L 0w~~~ X
SN N N N et e e Fe YK
__lu*nwr.m,xr..z.HHHH
L R R S i .H.—..F.H..ﬂJ. gy
¢ -01)))w P2 S0 3 A s U LN T I T T TR TR TR NS
k.KKI\I\(((I\TI\I}I\I\I\r))\I\OOl»C:J
I\(I\A«D)C.APCNI?....JQSG.?}OJIIIII
XXC(!\I\I\((((!«{\I\((\:

AIOXXX>>>N NNNOU DS dd a0

Program (2)

-
-
']
~—
2

f d.c. side voltage harmonics

.c. harmonics included)

yw2)
1)
(a

CVMELX{05,0,43)

— ll\ €~ -
e eI 1002 O

Calculation o

4

M3

2

51
c2
53
g4
sg
56
87
T
5%
52
65



EE Was(K=M)x_ (1)

67 ING=CMELX (D40 +wa)

A8 IF(KsEQal) GU TC S 90

6G - Wl-—loO/(K—N) )

70 ZN1=CVPLX(0,0swl) |

71 S1(1+K)= =7M1x (CEXP(ZMIY--CEX P(ZNQ))

72 IF (K o NE ) G} ™M &9

73 ) SI{TsKI=L(T+1)=-L(I) ]

74 55 SZ(TyK)=ZNVN25(CEXP{ZINS)=CFXF{ZME)) :

75 FAM(IoK3=VAA(K)*(CEXD(-7XA(K))*Sl(IsK)+CLXP(7XA(K))*SZ(IoK))

76 FBV(IcK)=Vh?(K)*(CEXP(-ZXE(K))*S!(IoK)+CFXD(7XB(K))*S?(I'K))

77 FCM(IoK)=VKC(K)*(CEXD(—ZXC(K))*Sl(lcK)+CEXp(7XC(K))*SZ(IsK))

78 3 COCNTINUE

76 4 CCNTINUL

RQ (n]] 6 I=1l.1Z

a1 SUVEI=(CWsN,Ge0)

82 SUM2=(0eC+C»0)

83 SUMZ=(0+404Ce0)

84 DC 7 K=1+9

85 SUMI=SUMI+FAM(],K)

6 SUMR2=SUM2+FEM( 1,K)

a7 : SUNI=SUMILFCM (I ,K)

28 7 CCNTINUFE

89 AL(I)=5uMm]

G0 BI(I)=SUM2

91 CI{I)=5UmM3

a2z . A COCNTINULE

G3 CS(M)=(1qO/(ZoO#PI))*((Al(1)+Cl(1))*095~HI(1)+A1(2)—BI(2)+
XAI(B)—(ET(3)+CI(3))*Oo5+AI(4)—CI(4)+(AI(5)+BI(5))*OcS—CI(5)+
XBI(é)-CI(h)+EI(7)~(AI(7)+CI(7Y)*OtS*UI(E)-AI(8)+(QI(Q)+CI(9)
XO.%-AI(9)+CI(10)-AI(10)+CI(11)—(AI(11)+PI(11))*O.S+CI(12)—PI

94 YS{M)=CARS(CS(M))

Cks] M=VM+1

S6 1F(MaL Es24) GO TC 2

Q7 . IF(iMaEQe2S) CONTINULE

s8 . DO i1 K=]e2%

SS9 WK=+4K s (R]/F40)

100 ZDS (K )=CVMPL. X(0s0sWK)

101 11 CONTINUF

102 PRINT 1690

103 100 FORMAT ('_ v ,v HARM, VOLTACES IN STAR/STAR 6-PULSE NPERATIC CNt)

104 DC 101 K=le24

105 COMK)=CZIRIACHXE(705(K))

106 Cl2{K)=CS(KIHCO(K)

107 YD(K)=CARS(CN(K))

108 Y12{(K)=CARS(ClZ(K))

1CS PRINTIO2.KsYS5(K) ,CS(K)

110 102 F"JFQMAT(';__\'vEX:Iaq'STAR—V=_ 1tFl2e€ 433X " W=REAI =" ,F12 0 G e3Xy V=IMAG=" .
XF1246) .

111 101 CCONTINUE

112 PRINT 200

113 200 FORMAT (Y _*,' HARM, VOLTAGES IN DELTA/STAR 6- PULSZ OPLRATICON?)

i14 G 201 K=1l+24 i

115 PRINTZC2+sK s ¥YDIK) CO(K) .

116 . 202 FORMAT (¢ _ ' 43X, 14 ,'DF_TA/STAR VOLTAGES=' sF 1246y 3Xy ' V=RPEAL=1?,
XF126K 3 3Xe " VIMAG=1,F1246)

117 201 CCNTINU:

118 PQINT  3C0 ,

119 300 FORMAT(Y" _* 4! HARLVOLTAGES IN l2= FULSce CP=ZKATICN')

120 o 301 K=1,y24

121 PRINTZ20Z2.KsY12(K)C12(K)

122 302 FORMAT(*_ ' ySXsTas?]12=-PULEE V' 3 F 12200 3X s ' WoRFALT® 4 F1245 92X,
XEV=IMAG=Y ,F1246) .

123 301 CONTINUL

124 STODR

125 END
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sy L G
. Fl,H . R
VD;VPl.VDP
“BC1(15),0C2 (1‘5) el gm
=X F1{1s8), F2{15), F3('15)""" . . . .
8VeDVeVi2 . e
);EY(I)..AQP‘ IGNITIGN-CUMMoQQ'\ND D&LAY ANGLE‘: F/Q VALVES
e LIMITS - QOF INTFGFPATI CN - FOR FOURIER CDEFFIC I“'NTS”
. ARE.ooCDSI'\fE~‘~"~;-.'WAVEF0RMS T W RoTo ‘DATUM S XX :
2 e AR OMAN i
-A‘;F MAGNITUDES~.w0F FOUR!"P COLFF. FOR SIQOD/SOIZ-'
AT CN';
CIN DS EPICCE IS SHIFTEN “(30) DEG.
VI‘\TI NS BETWEEN c/SoD/S B“IDGESyIGNITGN'COMMc
’ AF!F' RECTIFIED " VALTAGES  FOR " STAR/STAR seee
se 8 s AND 12~ PULQE QPERPATIONS . :
N eelS IST{-:QJAND"’AVE‘RAGx VOLTAGES " UNDER IMBALANCC]
CCND[C‘N. .I'l .“1~ SEIDGE -~ COGMBINED . .12: =PULSE ... OPERATIONS :
fREAOo(BX( T)slz1.6).. .. AT S B T T Wi

CREAD LWLV, Y
U REAR o XX 5 UL

. CONTINUL .
GARE X{IVyI=146
L BEADL(UCTI) »1=1,6)
CREAD LV IN,V2M, V3N
e IFUX(1) e EQ0eC0d) |
TPIZ4eQEATAN(T W O)
H=2.0%P 1 /360 a0 .
SR =R B30I Y1)
S L2 (R (L) +Xx (1),
SLUBYSRE(AX(2)+X(2)
ALEA)2H Y (X (2)+X(2)
BLCEYEHE (AX(3)+X%(3)
L(A)=H> (3% (3) +X(3)
L {7)=HE(aX (2) +X(4)
L{SY=H*{3X(4aY+X%X(4)
AL )I=HE(AX (S +X(5),
LCLO)=H= (BX(S)+X(S
LI =HI(RY(A)+X(B
L{12)=H3(BX{A)+X(E
L13)=HAX{ 1) +2. Q5P
Wl=H=o L e
L =HE Y ; AR
Y1=H*®Yy o
TUSI=SINCwWL) e
e S=CER(WL) -
PHURIZSINGVIL)
N=CRS(v1) ,
CTI=SIN(YL1) -
T=CGS(vY1) .
DO I I=1,12

Program (3)
Calculation of mean d.c. voltage and 1lst harmonic
voltage on the d.c. side
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APPENDIX II

(a) Justification of the procedure adopted in caléulating d,¢, side

harmonic currents

To justify the determination of harmonic currents from the harm~

onicvoltages by determining the quiotent of the 'Kth harmonic voltage by

the Kth harmonic impedance of the system first a simple circuit was studied.

The circuit consists of a simple half wave controlled rectifier
Fig. A2(a) with an (R~L) 1load. The current through the circuit is deter-
mined by solving a first order differential equation, then, the complex

Fourier approach is applied to both voltage and current waveforms, The

thyristor starts conducting after a delay angle (&) and stops con=

duction at an angle (0) when i = 0 and the vectifier is reverse biased.

This angle (6) depends on the ratio (%0 of the circuit load.

The current differential»equation is

Lodi . - . -
L It + Ri = Eo Sin wt

(A221)

after transforming equ. (A2-1) into an exact ordinary differential equation

by multiplying both sides by
Bt

X e - where B =

50|

The current waveform is defined as R
' : - —E'(wt - a)
i= I, Sinwt ~ ¢) - I Sin(o - ¢) e

in the range & < wt < 8
where
Eo wL
I = ¢ = ATAN =
- n A? + UFLT ’ R

(A2-2)

(A2-3)

- The angle 0 at which conduction stops 1is détermined graphically.




The yvoltage wayeform across the load terminals is defined as

vy = E  sin wt o < wt % 6 (A2-4)
The harmonic contents in both v, i are calculated and the ratio of

\
6550 is determined for each harmonic order (K).
K .
This ratio is found to be exactly equal to the load harmonic

~ impedance (ZK) where,

Ze = R+3KoL | ‘ (A2-5)

fig, A2(a) is a simplified half wave rectifier circuit

fig. A2(b) illustrates the resultant load voltage and current waveforms,

Table T,A2(a) illustrates the harmonic contents and the ratio of

v :
(TED compared with the system harmonie impedance.
K
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SCR
I\K -
e e
L =0.01H
v
=Eosinmtf\/ e
R = 1Q
¥ v

Fig. A2(a) Simplified half wave rectifier
circuit

e WL

]

Fig. A2(b) Load voltage and current wavefofms



Jable A2 (a)

Eo ® 100,Q0 volts
"R = 1,00 ,L = 0,01 H)
Harmonic Harmonic Harmonic VK
order content in content in | Ratio (E—J Q = R+jkwlLa
(X) (v) volts (1) amps K
0 15.206 15.22 0,999 1.0
1 38,299 9,816 3.901 3.90
2 12,179 1,602 7.601 7.605
3 8.u427 0.7422 -11.354 11.353
b L,229 0.279 15.129 15.112
5 2,328 0,123 18.858 18.87
6 3.208 o.1u1m 22.619 22.64
7 2,882 0,109 26.426 26.40
8 1.619 0,053 30,233 30.17
9 1,618 0,047 33.86 33,94
10 2,039 0.057 37.86 37.71
11 1.531 0,036 41.576 L1.48
12 0.98119 0,0217 V45.205 45,25

v

N,B, The reason for the slight discrepency between the ratio (—50 and

(2,)

Ty

is that the angle 6 at which conduction stops was determined

graphically,




(b) Computational program fop d,c, side harmonic curpents

The priniple of superposition is adopted in calculating d.c.
side harmonic currents. |

The harmonic voltages are taken one at a time, and for each harm-

onic order the d.c, circuilt Impedance is calculated, and through a steady-

state approach the harmonic current is obtained as a quiotent of the harm-

onic voltage by the circuit harmonic impedance,

The harmonic currents through the transmission line and filter
branches are obtained, as well as ‘the voltage drop across filters,

The program is written in a most general form, the input data
are the harmonic d,c, side voltages and circuit parameters, both as
complex numbers,

Thefe is a flexibility of omitting any parallel branch such as
the situation of the 6th arm filter out of service.

The harmonic currents could be referred to any base vélue, sim~
ilarly the input voltages.,

In the following, copy of thé harmonic currents program is

included.




$JOBR  WATF IV
COVELT x
COMPLIM Y ¢
CLCMPLF X
COMPLE X ..

. CCMFLEX ’

. CEMPLFE X

S L ICOMPLE X
v . COMFPILEX

i COoMRLE X )

7 COCMPLE X

COMRLE X

RE2L

REAL

.. REAL
TREAL
RF AL
TREAL

L REAL

VRE ALY

TREAL. M)
REAL Wy WL
V. 1S HARM,

CCTOT e CFH,CF

Lo NLL . IS . THE
-’VDCN..’IEV
PU(K)Y, IS
LZRT,YRD ARE

. FREQUENCES
LD IS LINE‘

L. FILTERING BR

L REAG WNLL -
,.READ.RFA

.
[ e R P O T 093

—

~N

D

L]
DO T~ o~

RO COH R
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APPENDIX IIT

a) Effect of unequal transformer phase inductances on the level of

unbalance in commutation angle (u)

Fig. A3(a) illustrates commutation between valves (1), (3).

During commutation between valves 1, 3 the current in valve (1)

decays and that of valve (3) stavts building up.

The differential equation governing commutation can be written

as:
di3 di
vV, -V = L - -~ L —_
b a C2 dt Cl dt
N
where vy o= v, = /3 V Sin wt
and the initial condition il = Id - i3
di di
So L = o.-_3
? dt dt

Equ, (A3-6) could be written as

. di
A wy _ 3
Y3 V Sin wt = (L, + Lo ) =%
1 2
di :
. 3 V3V .
l.e., Ep = (Lo " Lc 3 Sin wt
‘1 2
Integrating Equ. (A3-10),
. _ /3y
i, R Y A (Cos o - Cos wt)
. Cl 02

in the range a < wt < a+u

(A3-6)

(A3-7)

(A3-8)

(A3-9)

(A3-10)

(A3-11)

i
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Fig. A3(a) Circuit diagram illustrating :
~ commutation between valves (1), (3).
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When wt = g+u -, i3- A Id = constant fop a'given value of

¢ and 4y,

Starting from equ, (A2-11},

Cos 0 = Cox(a + u)

w(Lc N LC ) = constant, | (A3-12)
iR T2
and 1f Lcl = LC and Lcé = LC + ALC » .the Vélue of
¥ o= (u+ Auw) could be determined from the

following equality:

Cos 00 - Cos(o + u) . Cos a ~ Cos(a + u¥*)

= : (A3-13)
zaweLC w(LC + LC + ALC)

The following table represents the level of unbalance in commutation

angle (u), due to unequal transformer phase inductances L from

C’
1% up to 10% for different nominal operating values for o, u,

103»v




TABLE . A3(a)

Unbalance in commutation angle ‘u versus unbalanceé in converter trans«

% AL | ~ (Aw) in degrees
o =15% , u=24% | o = 18° , 4 = 2Q° o = 18° , u = 20
1 " 0.0858 0.0889 _ 0.0757
2 0.1715 0.177 0.151
3 0,257 0,266 ' 0,227
IR 0.3u2 0,354 0,302
5 . 0.427 0,443 ©0.377
6 _ 0,512 0,531 0,452
7 | 0.597 0,619 0,527
8 0.682 0,707 0.602
9 0.767 0.795 0.677
10 q.8$1 ©0.882 0.752
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b) Transmission line PJ equiyalent for different harmonic orders

Table T.A3(b) represent the PIl~section parameters for different

harmonic orders

Table T.A3(b)

GPI BPI

Harmonic RPI XPI ZGPI ZBPI
i
1 28.751| 458.13 .0000836 | .00222 16.919| -449.48 |
2 ~77.895|  5.5965] .025734 | 00184 38.66 -2.768 |
3 -29.807|-458.63 .00068 | -.00225 122.86 | 406.26
4 137.56 |-70.058: | 00036 |-.000131 | 2431.7 878.95
5 . 67.082| 453.67 -000604 | .001702 | 185.25 | -521.64"
3 ~183.03 | 197.46 . 005623 .00503 98.738( -88.376
7 -134.77 |-426.60 -0020706 | -.0029666 | 158.20 | 226.67
8 205.00, [-296.75 | .0007496 | -.000622 789.88 655.58
9 212.26 | 383.78 -00081257 0009817 | 500.32 | -604.49
10 -199.59 | 408.81 -002894 | .003096 | 161.13 | -172.38
11 ~308.49 |-303.00 | .0041935 | -.002571 | 173.32 106.26
12 152.29 [-523.01, -0012456 | -.001103 | 449.98 | 39g.46
18 221.57 | 687.23 .0015935 | .0011623 | 409,63 -298.78
24 ~814.70 1-337.83 | .0036154 | -.00051797| 271.03 38.831
30 1039.7 |-~655.33 0017750 | -.00021667| 555.12 67.765
36 -169.05 |1712.5 -0023944 | 00069255 385.40 | -111.47
s —— — 2 t

The PI is an exact equivalent for the total line
for oné conductor. , '

Z = RPI + jXPI , o—
Y = GPI + jBPI

—%—= ZGPI + j2ZBPI




APPENDIX IV

The harmonic voltages are regarded as sources on the d,c. side

and the harmonic currents may be obtained as a quotient of the e,m.f.
harmonics by the total impedance of the converter network. This ime
pendance may be regarded as made up of the d.c, circuit impedance plus

some equivalent inductance of the a.c. circuit which depend mainly on

the converter circuit connection and the operating conditions.

In the d.c. side of the éon&erter station,.the mean equivalent
a,c., system inductance is regarded as internal inductance for each volt-
age harmonic, reference [1].
In this appendix, the mean equivalent a.c. supply inductanée is
calculated as a driving point inductance for a 6~pulse ‘and 12-pulse
operations.,
Within the bridge configﬁfétion, the valves ‘which are not con-
ducting aré omitted and only.thdse branches carrying currents are con-

sidered,

1. 6-pulse operation

The normal conduction in a 6~pulse bridge takes place in 2
valves, followed by a commutation period in which 3 valves are conducting.
In fig. 25(a), valves 1,2 are considered conducting and the rest

of the valves are blocked. The transformer leakage inductance for the

}\/}\ transformer is replaced by equivalent electrical inductance (LT)
Applying Kirchoff's laws on the loop show?vin fig. Ak(a) the
\'
ratio Qf) is denoted as (j w L2) where the suffix 2 vrepresent the

case of 2-valves are conducting simultaneously.




107

ca W% @ &
I I
LS S LS v,
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T-TC
L. L2 = 2L
T L = LS + LT
Iw§§
v

arbitrary voltage
harmonic

Fig. Ak(a) Circuit configuration during conduction

(6-pulse)
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1 T~
2 _ T

Fig. Ak(b) Circuit configuration during commutation
(6-pulse)
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Assumptions

The'procedure4aaopted-in obtaining equivalent aveﬁaged inductance
*s based on the following assumptions:
(a) TIdeal sinusoidal a,c, sources,

(b) The valves are regarded as ideal switches.

(c) The valve damping reactors are added to the transformeps leakage
inductances.

(d) Phasors are used even when part of the cycle is considered,

i.e., assumption of a sinusoidal current during both conduction

and commutation of each valve is considered. |

Limitations

It should be noted that assumption (4) is not strickly valid,
During commutation the current is not sinusoidal, thus, weighting the
current waveform as a pure sinusoidal which lags the voltage waveform
is not quite correct, and a special treatment is needed to study the
tfansient currents during commutation.

The foliowing approach is only useful as a first approximation
for the weighted a.c, system inductance which should be taken as internal

impedance for the harmonic generator on the d.c., side. Moreover, with

the existance of high damping reactor on the converter side of the d.c.
line, any internal inductance which is usually small does not make any
difference when added to the high inductance to calculate for the d.c.

current, and a global assumption of zero internal inductance is pract-

ically accepted in the calculation of d,c, side harmonic currents,




1.k v_caiculation of internal inductance in cage of B6<pulse operation

a} 2wvalues conducting

v
I = Juwl, = jw (2LT * 2Lg) = jw(2L) (A4-1)
where L = LS‘ + LT . | ' (Au=2)
and 'L, = 2L . (A4~3)

b) 3-~values conducting

This case represents commutation period in 6-pulse ' operation,

and the converter configuration is shown in fig. 25(b).

v o I I
_I__.=ij3=3w(LT_I_+LS£+LSv2—+LT-§)
| Ly Ly |
= ]U)(LT + LS + —é— + "2—) ;[_ . (A4-4)
. .3
= ]&(2 L) ‘
So Ly = '%L ' - (A4~5)

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

6-pulse ' operation could be defined as:

oL 2m
Ly = L (5 ~w+1, u
2m
3
_ 8L .om 1 '
w = 2 [E - Ll (a%.6)
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2, l2-pulse 'operatipn

In 12upulse operation, normal conduction takes place in four
valves fallowed by a commutation perlod in which five valves are conducte

ing (provided that u.¥ 60°),

For simplicity, the magnetic coupling of the A /A transformer is
replaced by an equivalent electrical inductance (LT)’ Also, the A/A
transformer is assumed having an inductance equal to (LT).

Fig, Ak(Qa) represents the case when U4 valves are conducting

(1, 1', 2, 2') and the branches éontaining non~conducting values ave

omitted,

2,1 Calculation of internal inductance in case of . 12~pulse operation

a) Fourwvalues are conducting

In fig, hA(d) the loop equations ave written as follows:.

21 I

loop (): v = Ju(p I+ (T+—) Lo+ (I+ ) Lg+ L I+21, 1)+
' /3 /3
e~ 1) N
Y o7 Jw@L+/FLg+2L) 1+ (v, = v,) (A4-7)
oL L 21 I
loop (2): /3 v = (=1L, + (I+—=)L,+(I+ =)L)
. 2 | ‘
3v, = JulZ + Lg t =1L L (AL-8)
V3
loop (3): ~/3 v = jw(L —+ —-—-LS + (I + —) L )
] /3
L. L L
I T TY G SR Lg+2-2) 1
3 /3 V3
L L
v, o= el I+ S 1 " (A4-9)

- 3 S 3




Fig. Ak(c) Circuit configuration during commutation
(12-pulse operation)
am @ ¢
z z
(%) z (E72Z)
z = & 4 v,
= L %,
%
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AT , 7
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i ‘2
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Fig. Ak(d) Circuit configuration during conduction

(12-pulse operation)
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”

. . : 5 . L
' ;- . : 1 _l : -
substityte for Yo» ¥, dnto (Atw7) where (3 + L2) = Ly.
. : : ' LS
So v = jewe2el, [2 + /T ]I
- i L.+ L —_
S T
v = JwL, = jews2el [2 + /3 —5 ]I (A4-10)
z " L, + L~ = .
S - T
¥ = JwL, = jw2L[2+¥38]1 _ (A4=11)
t‘s L
where  § = —2_ - _2 (A%.12)
LS + LT L

b) Five values are conducting

Fig. Ak(c) illustrates the converter circuit configuration during
commutation period in case of 12-pulse operation.

Writing Kirchoff's laws for the 3 loops:

loop (1): ) oT T- T

L i1 I .
v = jw[L £+(£+——)L +(——+—-)L +—L+-2'_I_L]+(V - v ) "
. 3 s
v o+ ]w[E-L + 2L2 + /3 LS] I+ Vo< V. - (Au-13)
loop (2):
11 I, 22
3y = jw[(-2—+-)LS+~Ll+(£+——)LS]
/3 V3 /3
Ll /3
Ya 7 dultgr gLl (Au-14)
loop (3):
., I 11 21
By, = dell, —+ (—+ 2D L.+ (I +—2) LT
e s 28T =T g0 |
il 3
By, = jul—= + V3 Lg+ L1 I (A4-15) i

e 3
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substituting fop Yar =Y, in equ, (Alel3);

- ’
_ L L _
- s - 1 /5‘ 1 /3
1—-3@55—[-—L+2L +fL +LS+—3—+_2LS+3+LS+-2-LS]£
. _ 3 o
L, = -[§-L + (2LT + 2Lg) + 2/3 Lg)
Ly = 2L[1,75 + /35] '  (As=16)

(notice that LS is less than Lu)

An average weighted a.c, system inductance could be defined in the same

manner as:

Lav = = : (A4-17)

6

where LaV’ is the reflected a,c. system inductance on the d,c. side
of converter statioh, and is regarded as internal inductance for the

harmonic voltages on the d.c. side.




