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’Abstract Thyristor controlled static compensators consist of two basic schemes, TCR and TSC. Owing
to the discontinuous current in TCR, current_harmonics are generated in the supply system. This paper intro-

duces two methods for the reduction of these harmonics.
of turn ratios with harmonic reduction levels, each method is described in two alternative schemes.

On the basis of the coordination or uncoordination

By using

either one of these methods, the magnitude of harmonics may be reduced and their undesirable effects in power

systems minimized.
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INTRODUCTION

The importance of reactive power control has
increased along with power system expansion.
Absorption or generation of reactive power
in a continuous and controllable manner is
one of the operating characteristics of syn-
chronous motors and static compensators.
Because of their fast response, high efficiency
and low maintenance, static compensators are
preferable [1].

In order to meet the above mentioned
characteristics, static compensators should
consist of two basic schemes, TCR and TSC
(or SC) [1, 4].

When phase angle control is used in a TCR
system a continuous change in the reactive
power consumed by the reactor is obtained.

But, inspiteof this advantage, current har-
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“monics will be injected into the supply system

which will decrease network quality {1, 3].

In symmetrical control of firing angles of
both thyristors relevant to one phase, all odd
order harmonics are generated: 3rd, 5th, 7th,
9th, 11th, 13th and so on.

balanced control of firing angles the zero

However, in

sequence components (3rd, 9th, etc.) will be
circulated between the reactors in delta con-
nection or between delta winding of trans -
former in star connection of TCR.

Methods generally used by designers for
reducing (or eliminating) the remaining har-
monics, consist of filtration or circuit modi-
fication.

One of the methods uses two thyristor-
controlled reactors, each of them designed for
half of the rated power. One of the reactors
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‘is phase angle controlled, while the other
will be either fully conducting or completely
disconnected from the network. This method
will reduce amplitudes of all harmonics [1, 3].

Another method is 12-pulse connection..

This means that two similar delta connected
TCR (two six pulse connections) are used, one
connected to the star, and the other to the
delta connected secondary winding of the
feeding transformer. In this method only the
5th and 7th harmonics are eliminated while
the magnitudes of the 11th and 13th har-
monics remain unchanged as in a large single
reactor [1].

Even though these harmonics are eliminated,
other harmonics present will cause network
quality to be at an unacceptable level. So
in order to reduce or eliminate them, appro-
For this

reason, the reduction of all harmonics was

priate methods must he adopted.

the main aim of this research. Thus, it is
supposed that TCR is supplied from a trans-
former with a tapped secondary (while in

“the conventional methods it is supplied from

a fixed secondary) [2], and on this basis, two
alternative methods are considered:
1- Sequence control of transformer taps
equipped with on load tapchanger
2- Sequence control of transformer taps with-
out tapchanger

By using ‘“‘sequence control of transformer
taps” the magnitude of harmonics may be
reduced in network and their undesirable
effects minimized. Under such conditions,

system operation quality will be high.

THEORY

Employing back-to-back connected thyristors
as a control element (Figure 1la) causes
absorbed Var to be a function of the firing
angle as shown in Figure 2a.

For firing angles larger than 90°, reactor
current would be discontinuous (Figure 1b),
so in addition to the fundamental current

it consists of other harmonics (Figure 2b).
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Figure 1: Thynistor — controlled reactor a-Line diagram (conventional method) b-Supply voltage and TCR

current waveforms.
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In a single phase system, and in case of sym-
metrical firing angle, these harmonics contain
all odd orders and as shown in Figure 2b,
3rd order harmonic has the highest magnitude
(13.78%) [11.

In a three phase system and for delta
connected TCR, harmonics of (6K = 1) order
would only be injected into the supply. In

this case 5th order harmonic has the highest
magnitude (5.05%) [1].

In order to improve the power system
operation, remaining harmonics must be eli-
minated by the use of appropriate filters.
In bulk power systems with high rating com-
pensators, filtration of these harmonics due

to their high power is not a practical scheme.
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7Figure 2: Variation of reactive power (a) and Harmonics (b) jTor cénd;n*iémxk n*et'ra(d.
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Figure 3: Schematic diagram for sequence control of transformer taps equipped with O.L.T.
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7Therefore, reduction of their amplitudes is
necessary.

This paper presents two methods for this
purpose. Using each of them in static Var
compensators improves the power system
operation.

To examine and evaluate the presented
methods the following numerical examples
have been used for computational analysis.
Example 1-1: Harmonic reduction up to 50%
of 3rd harmonic
Example 1-2: Harmonic reduction up to 100%
of 5th harmonic
Example 2-1: Using transformer with three
taps and following turn ratios: t1=1, t2=0.67,
t3=0.33
Example 2-2: Using transformer with two
taps and following turn ratios: t1=1, t2=0.7

‘Method 1. Using Transformer Equipped With
On Load Tapchanger

Figure 3 depicts a transformer with m taps on
its secondary winding and turn ratios as: tl,

t2, t3, .., tm connected to a TCR system

‘where t1 > t2> ...> tm. It is clear that when
TCR is supplied from one of the secondary
taps, and the firing angle a lies in the range
90° < a < 180°, harmonics with different
magnitudes are injected into network.

The expression for phase current when
resolved into harmonics by fourier analysis
[2] is: -

oo

_i(t)=alsin(wt—--;—r—)— z 'ansin(wt—zl):n
2K +1
“where
7 1 Vm .
S i [sin2a+2(7 —a)]
a -4 Vm sin(n+1)a + sin(a—1lja
7 Lw  2(nti1) 2(n—1)
L cosa . sine

In the above relations o is the firing angle,
Vm is the secondary peak voltage and aj, 3,
are fundamental and nth order harmonic
magnitudes respectively.

For harmonic reduction up to a desired
limit (e.g. up to x% of nth order harmonic)

Transformer step ratios for
reduction of Harmonics up to
50% of Har. order No, 3

must be:

StepNO. 1:1

Step NO; 2: 7856226

Step NO. 3 :.569076

Step NO. 4 :.3255812

“1PU

"
EASL( 1)

Q(rea.)‘:\\ (2)

T st{4)

Firing angle (deg.) 180
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0.1PU

(b)

_Figure 4: Variation of fundamental current (a) and harmonics (b) for example 1—1
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the following is done:

Suppose TCR is supplied from ith tap
(with ti ratio). At the firing angle such as
o (for which the magnitude of the highest
the

operating tap is transferred to the next tap

harmonic reaches the desired limit)

which has a turn ratio equal to tjx [sin2p{+
2(m — a;)]/m.
angle (which is equal to 90°) not only fund-

In this case, at a new firing

amental current is unchanged but also har-

"Scheme 1.

monic magnitudes are diminished to zero.

Suppose again a transformer with m taps.
With regard to coordination or uncoordina-
tion of turn ratios with harmonic reduction
levels, two following alternative schemes must

be considered.

Transformer Taps Have Been
Coordianted With Harmonic Reduction Level

In this case the firing angle (ey) should be

" Transtormer step ratios for
reduction of Harmonics up to

100% of Har. order NO. 5
must be:
StepNO.1:1

0.1PU

StepNO. 2 :.
Step NO. 3 :.
Step NO. 4 :.
Step NO. 5:.
Step NO. 6: .

o st.(6)
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1PU

Figure 5: Variation of fundamental current (a) and barmonics (b) for example 1-2

" Transformer step ratios for
reduction of Harmonics
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Figure 6: Variation of fundamental current (a) and barmonics (b) for example 2—1
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“set to meet the following relations:
for first tap

for second tap

o < o <o =1
2\ m - “m

for mth tap
‘Therefore, transformer tap ratios should be
selected as:
Y

- . 1
for first tap ty = —2r=

st tap tp v,

_first tap secondary voltage

primary voltage

: v / ,
for second tap t,= —22-1 [sin2aq + 2(m—aq)

v ™
1 th
) Y
2m 1
for mthtapt_=—""=."[sin 2a’ +
P'm v, 7 [ m—1

2(17 —C(m__l)] X tm_l

In the above expressions O‘/k is the angle for
which the magnitude of the highest harmonic
reaches the desired level. Figures 4 and 5
show the evaluation of this scheme by the
numerical examples 1—1 and 12 respectively.
In these Figures variation of the first few
dominant harmonics and the fundamental
current have been shown. It is evident from
Figures 4a and 5a that in order to reduce the
harmonics up to 50% of the 3rd harmonic,

transformer tap ratios must be selected as:

t1=1 , t2 =0.786 3 =0.57 , t4 =0.33

‘and for reduction up to 100% of the 5th

harmonic they must be selected as:

t1=1 , t2 =0.848 ,t3 =0.698 , t4 =0.548,
t5 =0.390 , t6 =0.202

‘Scheme 2. Transformer Taps Have Not Been
Coordinated With Harmonic Reduction Level
Suppose the operating tap is ith.

7
1*

at firing angle equal to a;, obtained from the

Hence,

following relation, the operating tap must be

“Transformer step ratios for
reduction of Harmonics
StepNO.1:1

1PU 3 StepNO, 2:.7

Q (rea.) _

/

-
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-
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Figure 7: Variation of fundamental current (a) and barmonics (b} for example 2—2
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‘transferred to adjacent tap,jth (j=i+1

tj‘—‘—Tlr- [sin2a, + 2(r —a;)] xt;

Figures 6 and 7 show the evaluation of
this scheme by numerical examples 2-1 and
2-2 respectively.

In the cases shown in the Figures, har-

‘monic reduction levels at different taps are
not equal. As considered in scheme one,
when the permissible final level of harmonics
is reduced to a lower value, then the number
of required taps increase . In scheme two of
this method, since harmonic reduction levels
in different taps are not equal, this reduction

would not be proportional to increasing the

[
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Figure 8: (a): Schematic diagram for sequence control of transformer taps without O.L.T.
(b): Tap voltages, reactor current and gate puise waveforms

7Transformgr step ratios for
reduction of Harmonics up to
50% of Har. order NO. 3
. must be:
- StepNO. 1:1
1PU \ Step NO. 2 : .5099998
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Figure 9: Variation of fundamental current (a) and barmonics (b) for example 1—1
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taps. In other words, it is evident from
Figures 6 and 7 that the choice of tap ratio
values has a greater ettect on the magnitude

of harmonics than the number of taps.

Mathod 2. Using Transformer Without On
Load Tapchanger

In this method the transformer of the reac-
tor is not equipped with an onload tapchanger.
But as shown in Figure 8a, in each tap, thyris-
tor pairs peculiar to that tap conduct reac-
tive current.

For any the range

=< Q<
flow through mth tap by triggering gates of

reactive power in

= tm/t1, the reactor current will

the relevant thyristors {2].

As the reactive power increases from tm/tl
the additional value must be supplied from
the next tap. The operating principle is ex-
plained by reference to Figure 8b where e
and e 1 are the voltages of mthand (m—1)th
taps. In the positive half cycle of voltage

the reactor is connected to tap m by triggering

th

ia)=alﬁnuut—lg-)

at delay angle am=2L. At the delay

em_l 1s more pOSlthB than e

m
angle a1,
Thus thyristor th,_
which turns off th
flows through tap (m-1).

m’
_1 oftap (m—1) is triggered
The reactive current
At angle \Bm

thyristor th is forward biased to th

m—1

by voltage lepn—1 — €ml- Conscquently

m
triggering of th at B results in transferring
the reactive current from tap m-—1 to tap m
by turning off th ;.

In the negative half cycle of current, thyri-
ld I
tors th_ and th

Therefore, in each period two taps at the most

_1 are operated similarly.

and in any instance one tap only is conducting
the reactor current (Figure 8b) [2].

When two adjacent taps iand j are operating
the reactor current equations can be written
and resolved to harmonics by fourier analysis

as below:

Z agsin(wt— i

‘n=2k+1

“Transformer step ratios tor
reduction of Harmonics up to
100% of Har, order NO. 5
must be:
‘ StepNO.1:1
"1 PL Step NO, 2 :.6399997
Step NO. 3:.28

Q (rea

"l"l"f

\\
\ (2)
\

st.(3)

90 Firing angle (deg.) 180
(a)

0.1 PU

Harm.

0 Fun. hatmonic = Q (rea.} 1PU
(b)

7Figure 10: Variation of fundamental current (a) and barmonirﬂ; db) Lf%‘ %x%mkzh% 1%#

32 —Vol. 2, Nos. 1 & 2, May 1989

“Journal of Engineering, Islamic Repubtic of Iran



V. o ~sin (n—1) oy 1

. mi . _ 1 .. si .
al-n=- ;t—s_].:::, [(tiﬁ—tj) sm2ai + Z(ti——tj)(ﬂ mai) _ 2(1’1—1) cosa;. 51nna1]
1 : where ay: amplitude of fundamental current
+7t: ] . .
] an: amplitude of nth order harmonic
4.Vgm " sin (n+1)as tj; turnratio of ith tap
4n~ L (tj—t;) —+ t;: turn ratio of jth tap (j=i+1)
Moty L ] 2(n+1) il jth tap

vsmlfi.rst tap secondary voltage peak

Transformer step ratios for
reduction of Harmonics
StepNO.1:1

Step NO. 2 : .67

NO. 3 :.33 :
Step 0.1PU

1 PU :
\ st.(1) N=2K+1
Q (rea.) | ~— . ﬁum.
R RIS I \\»\ - .
\\ T E——
) T~ st.(2)
— T—
- - \\‘l-
T~ st.(3
Y
0 e 1....“m bt ‘
90 Firing angle {deg.) 180 £

(a)

Figure 11: Variation of fundamental current (a) and barmonics (b) for example 2—1
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In this method also, on the basis of coor-
dination or uncoordination of turn ratios
with harmonic reduction level, computational
analysis results by two alternative schemes 1
and 2 covering numerical examples, are shown
in Figures 9, 10, 11, 12,

CONCLUSION
The method that is used generally by power

engineers and system planners for harmonic
elimination, besides the 6-pulse and 12-pulse
systems, is the employment of lateral equip-
ment for filtration. For bulk power networks
using this equipment is not practical or eco-

nomical Under such conditions therefore,
overall harmonic reduction is a rational method.
In this paper two methods have been pre-
sented for this purpose. Computational
analysis of numerical examples represents the

‘fact that using each of the methods and a

34 —vol. 2, Nos. 1 & 2, May 1989

proper selection of turn ratios, may reduce

harmonic magnitudes to a lower level. At the
same time, the second method, i.e. “using a
transformer without tapchanger” yields a
higher performance.

In both methods reduction of losses resulting
in increased system efficiency is considered

as an extra advantage.
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