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ABSTRACT

Unbalance in the operation of AC/DC converters gives rise to abnormal or
uncharacteristic current harmonics, in addition to the characteristic harmonics in the
supply current waveforms. This paper concentrates on the analysis of uncharacteristic
harmonics caused by unbalanced AC supply voltages. Attention is given to modificd
converter operation which uses thyristors connected to tapping points on the
secondary windings of the transformer. Control of by-pass thyristor for reducing
abnormal barmonic generation are discusses, and some cxperimental results
supporting the theoretical calculations are also included.
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INTRODUCTION explained in the existing literature [1-
6].
Many applications are being In practical systems perfect
found for semiconduclor devices in conditions for analysis of characteristic
electrical power systems. Thyristor harmonics of a converter are never met,
AC/DC converters are widely used for and as a resull harmonics of

obtaining an adjustable direct voltage uncharacteristic orders can arise which

from three-phase mains which ts used
in HVDC systems. Major problems
associated with these applications are
the harmonic current injection into
power  supply and  volt-ampere
absorption. The gewperation of normal
harmonics as well as several methods
for harmonics reduction are well

are not explainable by existing theory
vet they do appear in the AC power
system. The generation of abnormal
harmonics of an AC/DC converter
caused by system imperfections, ( i.e.
firing angle errors, asymmetry in
commutation impedances, AC vollage
unbalance and AC voltage distortion),
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has been studied in several papers [ 7-
9]. Many methods of control based on
symmetrical firing [10-11 ] have been
proposed to overcome the problem of
abnormal operation, these methods
however, cannot totally eliminate the
uncharacteristic  harmonics  during
unbalanced conditions.

The convenfional bridge is
modified [12-15 ] in such a way that it
has additional thyristors which form by-
pass thyristors on each phase. In this
configuration, fast and continuous
control of the DC voltages is possible,
and the need for an on-load tap-changer
may be removed. The direct voltage can
be controlled by controlling the firing
angles of the by-pass thyristors.
Harmonic generation into the AC
system and the converter reactive volt-
ampere absorption may be reduced, but
more swilching devices and therelore
control circuit are required compared
with  the conventional converler
requirements.

.This paper presents both of
operation  principles and  control
processes of a modificd (hree-phase
thyristor converter under unbalanced
supply conditions. The analysis
described - is concerned with
uncharacteristic harmonics arising from
two sources, namely, firing angle and
supply voltage unbalance, which are
considered individually.

BASIC OPERATION OF THE
MODIFIED BRIDGE CONVERTER

The basic  modified bridge
circuit is shown in Fig. 1, has additional
thyristors which form a * by-pass’
thyristor. All three phases are similarly
modified and the number of thyristors
in a by-pass thyristor is related to
section voltage. The firing logic for the
by-pass thyristors is symmetrically

arranged for the three phases, and under
normal operation is independent of the
main thyristor [iring logic [16]. In the
rectifier mode, the main thyristor firing
angle is kept at a small value and the
DC voltage is controlled by the firing
angle of Dby-pass thyristors. In the
inverter mode of operation, by-pass
thyristors fired before main thyristors
because commutation occurs from a
higher voltage 10 a lower voltage. The
control of the DC voliage is achieved
by the variation of the angle of advance
A, with 2 mintmum safe extinction

angle 9.
Converter performance analysis

The method of control in the
rectifier mode is to kecp the main
thyristor firing angle a at a small value.
and the DC voltage is contiolled by
variation of by-pass firing angle «,.
Both voliage and current waveforms are
shown in Fig. 2. There are (wo
commulation processes arc considered,
current  transfer - between the main
thyristors and current transfer between
the bypass thyristors S2 and the section
of main thyristor designated S1. The
reactance of the main-thyristor circuit
during commutation is the conventional
commutation reactance X,  with

additional reactance X, due to the

tapped section turns. After firing a by-
pass thyristor, the rate of increase in
current  through the thyristor s

controlled by the section voltage nV

and the reactance X,. Natural

commutation is delayed by an angle «,
owing to the difference between the
main and by-pass thyristor voltages.
The DC voltage V, for
(r+a)<a, <(27/3)-y, is defined
by the following expression:
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where

a,.a,a,,y and y, are angles as shown
in fig.2
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The overlap v is related to the output
current [, ( assumed constant), then
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Also, the overlap angle y, is related to
{
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_ N2nv cos(ab +a, +ml6+ gs)é,-n,n,,rxh

Yz, |—cosla, ra, v 7164y, +6,)
(3)
where Z, =R+ X] and
0,=tan'(R,/ X,)
For the inverter mode of

operation, the by-pass thyristor S2 is
fired with the main thyristor §3, and the
DC voltage is controlled by the angle of
advance f, aof device S1. Fig. 3 shows
the voltage profiles and current
waveforms. The angle at which natural
commulation occurs is f,due to the
difference between the main and by-
pass vollages.

B =a, = Ian_{nlan(ﬂz'())]
LU

241

The effect of S, is to increase slightly

the angle of lag of the phase currents
and the reactive voll-ampere
absorption. The average value of
inverter DC voltage is given by:

N [l(f;iglcos(ﬂo +O)+ %Si“(ﬂ“ +9)
R TRy AR (8. +4,) ]
-2V, -2{,R,,
(4)
where
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Supply current harmonics

a- Balance operation

The following assumptions are
made during balanced operation:

1) The current of the bridge

includes no AC component.

2) Al phases of the supply
voltages are identical.

3) The ftransformer magnetizing
current can be ignored.

4) The commutation reactances for
all phases are the same.

5) Thyristor voltage drops and
resistive components of the
commutation circuit are
negligibly smali.

The phase current in the supply side
of the transformer as seen in Fig. 4a
consists of two rectangular components
and has no even harmonics, but triples
harmonics are present due to the tap-
section on each phase, which are
energized for a part of the main
thyristor conduction period. To reduce
the triples harmonics, a delta-connected
primary or tertiary winding is necessary
to give harmonic ampcre —tumn balance
in the converter transformer cores. The
currents flowing, at any instant in two
secondary winding are equal and
opposite and do not contain triples
harmonics.

The supply current waveform
for rectifier operation with negligible
commutation  reactance can  be
expressed by Fourier series as:
a,= 0 there is no DC component

a =E{i(sinm(fn'3+afo)-—sinm(-zr}3+a(,))
T

m

+ 2y (sinm{z/3+a,)-sinm{-2/3+a,))

(3

i,

b, =~ (~cosm{n I3+ a) +cosm(-x/3+a,)

x
L (—cosmlz 13+ ay)+cosm(-n13+a,))
mmr
(6)

For inverter operation , the Fourier
components are obtained by replaced
a, =0+, inequations S and 6.

For finite overlap angles, the
main thyristor and the by-pass currents
are determined by using the same
analytical technique as reported in [16].
A search technique was necessary (o
determine values of the commutation
angles y, and y,. When the (wo
commutation periods interact as shown
In a representative current waveforms
Fig. 4b.

Curve ODB represents current in the
main thynstor defined by

di, A6 +n+nt i3V, [ 7
— sin

-—-a
6 O

dt (x, +X,)
(M

Curve AB represents current in the by-
pass thyristor, defined by

a2y
dﬁ = ”—"“sinl@ (8)
dt Xy

Point B requires a search technique and
is the instant at which current is
completely transferred from the main
thyristor to the by-pass thyristor. Curve
BC is defined by

djm _ {ﬂ.; 5 ”+])J_ pfr

PR AT ,,) sin( — 7 /6)

%
b- Unbalanced operation
As shown in the above section,
the study of characteristics harmonics a

perfectily opcration of the conversion
equipment is assumed. In practice,
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however, these assumptions are pever
met. Imbalance of the fundamental of
AC bus voltages both in magnitude and
phase are studied in this section. Fig, 5
shows the waveforms for unbalanced
voltage operation according to the
following relations:

v, =1.2sin(8)

v, = sin(@ ~ 27 /3) (10
v, =sin(f +27/3)

and

¥, = 1.7sin(6)

v, = 1.4sin(6 - 27/3) (1)

v, = l.4sin{f +27/3)

Any set of unbalanced AC phase
voltage can now be analyzed into
symmetrical components zero, positive
and negative sequence according 1o the
following well known relations [7]:

v =(1/3%v,, +v,, +v,,)

v =113y, +av, +a¥v,)  (12)
v, = (1 /3)(1)“” +a'v, + avm)

and

v =(/3%5,, +7, +7,

7, = (1135, +av,, +a%,)  (13)

oh

v, =(113)5,, +a'v,, +av,,)

where * 2 * is an operator, and its value
is 1£120°. The zero-sequence are not
allowed to circulate from the AC source
into the AC terminals of the converter,
because the winding neutrals of the
converter transformers are not ground-
connected, so there is no path for zero-
sequence current in the converter.

The firing anglea, of by-pass thyristor
for phase (a) is modified by modulation

angle © to reduce the abnormal
harmonics

Current harmonics analysis

The general AC waveform for
one-phase (positive side) is shown in
Fig.6. All points of importance on the
waveforms are individually identified in
refation to common time reference
points in the voltage-waveform. The
computer approach to establishing the
nature of the current harmeonics is based
on a complex Fourier analysis of the
waveforms.  These  currents  are
determined by the periods of
conduction of the comesponding
converter thyristors, which, in trn
depend on the phase and magnitude of
the converter voltages. If the source is
unbalanced, however, the lack of
symmelry of voltage crossing points
and the different magnitudes of the
commulating voltages alter both the
conduction periods and the duration of
the' overlap angles, thus resulting in
unbalanced sets of currents,

To achieve an unbalanced
supply practically, an extra three-phasc
voltage connected with the reverse
phase sequence to the primary side of
the converter transformer. This voltage
is supplied from another three-phase
transformer ( with different tap-section
in each phase) which is connected to
the same power supply through a
variac, and the secondary side is
connected to the primary side of the
converter transformer. As a result of an
unbalance, the magnitudes and the
phase angles of the line-to-line voltages
will be altered.

Analysing the current waveform
shown in Fig.6 leads to the following

expressions.

For phase (a) positive side

E. 48
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¢ =rib6+a,+a

b =m/6+a,+a,+7,
$=rlb6+a,+a,+ys+a,
$=mlb+a,+a, +y, +a,+y,
¢ =5m16+a,

¢ =5ml6+a,+7,
(14)

For phases (b) and phase (c) positive
side, the same limits as above with the
following modification :

a,;=a;, +2r/3

(15)

Ry =@y + 27013
and

-l
= CO0S COsSax,, —
Yy 13 K(V

ot eily)

Kewn +2X,) fd]ma”

_ -1
Yys =COS| COSOy, —

(X(‘lbr! +2Xb) [d _a“
K(vmtbr])

_ -
¥s1 = COS [COS @y =

Y, = cos"[codx/é +a,)-

X1y

- /6

%VJ (@, 4779
(17)

where

K=\16h+u+n?!3i

Xews + Xcondnd X, are the line
to line reactance

th ah)? vm(b(') and v

ey &€ the peak
values of line to line voltage

In order to simplify the analysis,
it is convenient to specify a single
parameter  to  describe  voltage
unbalance. The unbalance factor { UBF
} which is the ratio between negative
and positive sequences is a suitable
parameter. The positive sequence
voltage can be taken as reference-phase,

in this way any degree of unbalance as
defined by v, /v, is directly given by
the negative-sequence voltage.

RESULTS AND DISCUSSION

With by-pass thyristor control
there are significant triples harmonics,
due to additional tap-section turns in the
secondary side which are energized for
a part of the main thyristor conducting
period. This is a disadvantage of this
form of control and a delta connected
tertiary is then required with a star/star
connected transformer to give triples
harmonic ampere-turn balance in the
converter iransformer core. Fig.7 shows
the computed results for the harmonic
content of the AC phase current for
maodified bridge operating at a typical
firing angle of 17 the harmonic
content of the supply current is
generally reduced with by-pass thyristor
control.

A number of tests have been
performed (o verify the theoretical and
practical results presented in this paper.

Supply cumrent  harmonics  were
measured and plotted against the

unbalance factor { UBF ) together with
computed values for cach phase as
shown in Fig.8 and Fig.9 at different
values of g In addition to the
characteristic harmonics, even and odd
harmonics are generated, which enter
the lines. Even harmonics in this case
are of lower magnitude. Also, there is a
DC component in lines which may
cause transformer saturation.
Uncharacteristic harmonics are always
present in practice until unbalance is
introduced. The triples harmonic
content increases when the unbalance
factor increase.

A comparison of results
between the modified operation and
conventional operation indicates that
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there i1s a reduction in the
uncharacteristic harmonics. For

conventional operation at ¢, = 20" and

UBF = 0.2, the ratio of third harmonic
to the fundamental component is equal
to 15.4% for phase ‘a’ , 5.4% for phase
‘b’ and 12.4% for phase ‘¢c’. The fifth
harmmonic 1s equal to 4.89% for phase
‘a’, whilst it is equal to the average
value of about { 20%) for phases ‘b’
and ‘¢’. For a modified firing angle by
an ¢ =10, the third harmonic ts 5.2%
for phase ‘a’, 1.6% for phase ‘b’ and
4.1% for phase ‘c’. The fifth harmonic
will be equal to 16.5%, 18.3% and
18.8% for the phases ‘a’, ‘b’ and ‘¢’
respectively. Fig.10 shows the third
harmonic against the change of

modulation angle ( €) at e, =20 for

UBF=0.2 and 0.3, it can clearly be seen
that the third harmonic increases when
the unbalance factor increases. Fig.11
demonstrate that the uncharacteristic 3™
harmonic content vary with converter
delay angle.

CONCLUSIONS

This paper addresses the problem of
uncharacteristic harmonics generated in
the input current for a modified
converter bridge and proposes a
technique of minimizing them based on
modulation of by-pass thyristor firing
angle. Uncharacteristic harmonics have
been measured and computed for
balanced and unbalanced operations. A
quantitative insight has been given into
the AC harmonic consequences of
imbalanced input voltages. Triples
harmonics are minimized by balancing
the input voltage as closely as
practicable for each phase.

A computer program is developed to
simulate the converter. The algorithm
solves for the truncated Fourier series
of all line currents in a balanced and
unbalanced operations.

NOMENCLATURE

v, = DC voltage
V.. =RMS value of phase voltage
V,  =on-state device vollage

i, =DC current in HVDC line

= instantaneous value of main

—

m

thyristor current
{ = instantaneous value of by

pass thyristor current

i = transformer tap-section turns
(p.u)
X = main thyristor commutation
reactance
X,  =Dby-pass thyristor commutation
reactance
a = delay angle of main thyristor
a, = delay angle due 1o unequal
thyristor voltages
a, = delay angle of by-pass
thyristor
4 = commutation angle due to
main thyristor ( S1)
I = commutation angle due to
by-pass thyristor { S2)
Jin = angle of advance due to
unequal thyristor voltages
B, = angle of advance of by-pass
thyristor ( S2) in inverter
operation
B,  =angle of advance of main
thyristor (S1)
) = safety angle in inverter
operation
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Fig.1 Modified bridge arrangement (one phase shown)
ST (part of main valve) and S2 (by-pass valve)




E.53 Hussein D. Al-Majali

Phases v
* Voltages

Fig.2 Voltage and current waveforms for rectifier mode
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Fig.3 Voltage and current waveforms for inverter mode
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Fig.4 Supply current waveforms ( star-star connections)

a- Ideal case

b- Real case
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—— e

I & phase b

I 4 phasec

Fig.5 Unbalanced voltage waveforms
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Fig.6 General ac waveforms for one phase
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Fig: 7 Supply current harmonics
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Fig: 8 Supply current harmonics at &, =50°and & =0°
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Fig: 9 Supply current harmonics at @, = 50°and s =10°
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Fig.11 Third harmonic with a, ( UBF = 0.2)
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