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Abstract - This paper presents a study and simulation of
transformer configurations to improve power quality; it provides
theoretical support based on the expansion of thedtrier series
and analysis of symmetrical components. A test sysh was set up
in the laboratory, taking measurements and checking
configuration effectiveness in reducing the systers’ harmonic
content. The configurations were modelled with PSCB /
EMTDC software, using two 6 pulse rectifiers as tedoads and
two variable speed drives.
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Resumen- Este articulo presenta el estudio y la simulaciéde
las configuraciones de transformadores para el mejamiento de
la calidad de energia, mostrando el sustento teéddasado en la
expansion de las series de fourier y el analisis tis componentes
simétricas. Se implementa un sistema de prueba enl e
laboratorio, realizando mediciones y verificando laefectividad de
las configuraciones en la reduccién del contenidormonico del
sistema. Las configuraciones son modeladas utilizda el

become reduced, especially where converters have been
connected so that their harmonics are terminated by harmonics
produced by other converters.

This paper analyses different transformer configurations
allowing harmonic contamination to become reduced in a
system caused by“35", 7", 11" and 1 harmonics. A test
system was set up in the laboratory and software was ased t
model configurations in PSCAD / EMTDC, considering
nonlinear loads (rectifiers and variable speed drives).

The simulated systems assigned forces regarding harmonic
modelling and simulationiEEE Trans,1996a; IEEE Trans, 1996b).

2. OBJECTIVE

Showing and analysing transformer configurations letting
them decrease the degree of harmonic pollution in a
system; and

Presenting the results of theoretical-experimental
comparison (PSCAD / EMTDC laboratory - software).

software PSCAD/EMTDC empleando como cargas de prueb

rectificadores de 6 pulsos, asi como variadores @elocidad. 3. CONFIGURATION OF TRANSFORMERS FOR

REDUCING THIRD HARMONIC AND ITS MULTIPLES
A. System Analysis

The most commonly used three-phase transformer
configurations in power systems &e-Y,Y —D. Such

i(:eonfigurations are shown in Figurel where a ratio of "a"
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1. INTRODUCTION

The effects of power system harmonics are varied, . .
. o . _pétween the primary and secondary transformer was assumed
instantaneous (on measuring instruments and communicatig o . X
. . .with 30° phase displacement between primary and secondary
systems) and long-term effects (additional losses in machines ; )
i INg currents which would be forward or backward dependin
and transformers, capacitor banks,

wire heating 308 phase se uence (positive or negative)
equipment, etc.). The consequences are many, for examp?ep d P g '

loss of equipment insulating capacity (shorter life timeotat These settings involved. winding.
inoperability) or protection systems’ inadequate performance

(Ieading to important loads becoming disconnected and thus ., —+ o o+
penalties). #@—% * #@—% *
There are different solutions for each specific problem D ¥ I ¥ D I
regarding harmonic pollution in electrical systems, such as
. . . . Converter Converter
shock reactance, passive filters, anti-resonance inductances
and other solutions involving power electronics, such ageact Grid ot
and hybrid filters. #@% *
Using transformers allows a system’s harmonic content to 5D .
Converter
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Figure 1 Transformers with) winding configurations
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STUDYING AND SIMULATING TRANSFORMER CONFIGURATION TO IMPROVE POWER QUALITY

B. Harmonics and segquence components Thenla, = 1b, = Ic,
Fourier series represents  an a_lternanve _for analysw_]gFigure 2 shows how @D —Y connection trapped the

current and voltage harmonic distortion when mter-harmonh_ d-order h . qi itinles bh , h

and sub-harmonic components are not consid@ted:do). third-order harmonics and its multiples h, meaning that

A periodic waveform can be represented in Fourier seriestA8Y did not circulate as harmonic components in primary line
currents. If the winding inY were not grounded, there would

f(t) =2 +Z[ah Cos(hwot)"'bh S'n(hwot)] @) not be a neutral current and as zero sequence components
n=l were in phase there would be no possible path for these

Where: currents in the secondary line (Dugan and McGranaghan)

f(t) is a function of frecuencyf,, angular frequency

14,=0 . I,
w, =27f, and T period. I . o'
17 —Ti' C_ely T e 1w
a, :?If(t)dt Is the average value of the function ¢ :x_@?r Hﬂu il
InnL ) 3
0 IE,=0 o A o] H]\ Ibg
f(t) B b

1 T Figure 2. Third-order harmonics trap
a, = ?I f (t) cosha,t)at 2) C. System Smulation
0 Figure 3 shows a system where the fundamental current was

17 ) injected at 60Hz (40A) and 180Hz current (20A) to observe
b, = ?J. f(t) sin(hat)dt 3) D winding performance as a trap for third-order harmonics.
0
However, this expression can also be expressed as follows: A plimec
n N 0.005[MVA]
f@)=h+h+ > h+ >h .. ) o\ e

i=2468.... k=3579.... 022 043
Donde: 0.002
h,: Continue component.

h, : Fundamental component ,
hi : Pair harmonic components ,
h, : Odd harmonic components | U
It was considered that the value &f, equalled zero - 5 0 0 T
. . 40A 20A 40A 20A 40A 20A
because this component was saturating the transformers. ih 3h 1 3 i 3
Their pair harmonics were caused by arc furnaces, cycle
converters, semi-controlled rectifiers (now obsolete due to Figure 3. A simulation of ® —Y connection system

their instability).
The odd harmonics were generated by computers basedrRa simulation results are shown in Figure 4. The cuirent

static rectifiers and controlled rectifiers, mainly found ig,e primary transformer I@A) only contained fundamental
electrical systems.

) o . components.
To approach thlsn system by simplifying expression (4) L mTDR ——
gave:f (t) =h + Z h, (5) 080
k=35,7,9 0.60
We consider the currents: & 0404
la, =1, sin(at) 0201
. 0.00
Ib, =1, sin(et —120°) T =
Ic, =1, sin(at —240) 0.060
Then for the 3th we have: 8j838
la, =1, sin(3at) S o
Ib, = 1, sin(Bat -360) = | , sin(3at) 0060
-0.N’N
Ic, =1, sin@at — 720 =1, sin(3at) 0250 | 0270 | 020 0310

Figure 4. | A current without third order harmonics
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The THDI fell from 50% to 0%; it verified that third-orderthere was -30° phase displacement and therefore T2 primary
harmonics were trapped in t3 winding. currents had phase displacement at -150 - 30 =- 180° = 180°.
If T1 and T2 primary current magnitudes were equal, then
4. TRANSEFORMERS CONEIGURATION FOR the Bh would be cancelled and would not flow to the source.

REDUCING FIFTH AND SEVENTH HARMONIC The equations for sequence analysis of the/@re as follows:

, la, = 1,sin(7at)
A. System Analysis _ . : )
A transformer is a device which can change electric!'alt?7 —I7s_|n(7a,t 84()—I7S|_n(7ut 129
signal phase angle, letting it minimise a system’s harmorlfe: =7 Sin(7at -1680Q =1, sin(7at +120)
content when two equal loads are connected in parallelDue to the -30° phase displacement caused by intiog
through power transformers having different connectiohis Tthe T2 transformer, the secondary currents corredipg to
technique is very used in controlling harmonics generated thg 8" harmonic had phase displacement at -30 * 7 =- 210°

multipulse converters (Paice, 1995). 150°, regarding the T1 transformer. As thés behaved as
Figure 5 shows the configuration of a system fqositive sequence components then there was -3@%eph
minimising 8" and 7' content in a system. displacement and therefore T2 primary currentstigi+30 =

The T1 transformer had ¥ —Y configuration; the 8 180 phase displacement.
component would evidently become trapped in the T2 If T1 and T2 primary current magnitudes were eqtran
transformer'sD winding. the 7" would be cancelled and would not flow to the seurc
The T2 transformer entered a 30° phase displacemenif six-pulse rectifiers were placed on the low &gk side of
between primary side current and secondary side currdf@nsformers T1 and T2, then the current on the #ide
while primary and secondary currents were in phase in the y@uld be given by: (Wakileh, 2011)

transformer. I ar = |la sin ot =1 5a sin SC(JOt -1 7a sin 7[4;01: + ©)
5, Sinlla,t + 1,5, Sin13wt...
n =+ Then when this current is reflected in the higlesfithe Y-Y
* transformer we have:
Grid ¥ ¥ — Iy =1, sine,t = 15sinSat — 1, sin7a,t + @)
Iz . I, Sin1degt + 1,5 SIN13wt....
And in the D-Y transformer we have:
5 * L I, =I;singgt —3C) - 1,sinbat —150) (®)
—1,sin{egt —210) +1,,Sin(L Xyt —330)...
:ﬁﬂ};r Then the total current in the high side willlge+ | 5
Figure 5. Connection of transformers to redu®aisd 7" harmonics |Y+D = |1 sin “ot -1 5 sinSaOt - ; sin7cc0t +

If the 5" harmonic was from a negative sequence then lita sinllagt + 15 sin13wyt... + 1 sin(ayt —30°) 9)
would produce a magnetic field in an engine rotating contrary| , sSin(Gat —15C°) — |, sin(7ayt —210°) +
to the fundamental component, thereby causing such emgine t _. _
overheat and have lower than expected shaft speed. Ffllsma'lwot 330)....

_ . 4 . ey .
If the 7" harmonic were from a positive sequence, then an Lo =201y SinGot + 1y SinLagt + 1, sinl3at.. ] (10)

engine would produce a magnetic field rotating in the same

way as the fundamental component causing current to increase®- USING A ZIG ZAG TRANSFORMER FOR
and greater than expected shaft speed. REDUCING HARMONIC CONTENT
B. Harmonic and sequence components A. System Analysis

The equations for the sequence analysis of theaSmonic Phase shifting transformers are used to reduceiptault
were as follows: converters’ harmonic currents.
la, = I, sin(5at) The phase change should be appropriate for the ewotb

_ . _ _ . converters. The phase shifting required for the immim
Ib; =15 sinGat -60Q =1, sinat +120 number of converters having 6 pulse waveforms woetd

lcg =1 sin(Gat —1200 = | ; sin(Gat —120)

: _ 60° (11)
Due to the -30° phase which the T2 transformer introduced, displacemet_anglé= N _converters
the 8" harmonic secondary currents had phase displacement aty multipulse circuits the individual harmonic cemts of
* — o 1
-30 * 5 =- 1507, regarding the T1 transformer. each converter bridge would be the same. Suchgemaents

As the ¥'s behaved as negative sequence components tBRSW the harmonic currents produced by a conveebe
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STUDYING AND SIMULATING TRANSFORMER CONFIGURATION TO IMPROVE POWER QUALITY

compensated by others. 6. IMPLEMENTING AND SIMULATING A
The fact that the negative sequence voltages and currett ARMONIC FILTERING SYSTEM FOR 5TH AND 7TH
were moving in the opposite course to the positiveisece HARMONICS USING A TRANSFORMER ARRAY

values would also provide a mechanism for cancelling System Description
harmonics in pairs. ; . : .
Figure 8 shows the proper basic system connection diagram

Zig-zag Franfsformer conr?ectlon_ types are prlmaer|r? for testing a harmonic filtering system. The network haa th
secondary in zig-zag4 ), primary in D and secondary in following components:

zig-zag (Z ), both having positivé * and negativeZ ~ phase »  220Vef supply voltage
displacement. e 2 5kVA transformers
Figure 6 shows transformer array configuration for « 3 network analysers with connection to a PC,
minimising the harmonic content of four 6-pulse rectifiers internal data software
(i.e. 24 pulses). « 2 6-pulse power rectifiers/ 2 variable frequency
speed drives
15 —+ 15 —o+ ¢« 3PCs
* * « Resistance, capacitance, inductance kits
o - @# o - e Connection wires.
o —o+ o° o+ Analysers B and C showed each transformer’s individual
_ @% * _ @—ﬁ% * spectral harmonics. Analyser A showed the array of both
i*,_"d@ I 3;_1'1® .. transformers’ total contribution to the network.
15 e 15 . B
e N O [N =t =
30 - 30 - R—G—1
O e I
X X _lc
T - s s A
F—a - - U [ -.: | YDS I K :]Z
A-pilse &-pulse
Fectifler Fectifier

. . . ) ] Figure 8. System connection diagram
Figure 6. Using zig-zag transformer for reducingtegns’ harmonic content
) ) ) . Figure 9 shows the system which was set up in the
Figure7 shows that the reduction 'ﬂ;HD' sysotem laboratory; this included measuring devices and PCs to
harmonic content of a converter was 25.5% and 8.2% for @kerve the harmonic spectra, as well as necessary equipment.
equivalent system. ; i -

250 M D% A = THD % ka2

30.0 1
250
20.04
15.0 1
10.0 1

5.0+

0.0

00030 102
00020
00010
0.0000
$ om0 \/ \\/
-0.0020-
-0.NnNN -
01200 = 01300 01400  0.1500

Figure 7. Reducing a system’s harmonic content

THD(%)

Figure 9 Photos of system set up

B. Results

Figure 10 shows the harmonic spectra obtained from the
measurement equipment for each rectifier and source input.

. 1 28 REVISTA INGENIERIA E INVESTIGACION Vol. 31 Suplemento No. 2 (SICEL 2011), OCTUBRE DE 2011 (125-130)



PENA-HUARINGA

100 100 The results are shown in Figure 12 where it can be seen that
o BOff THDi on the high side of the transformer was 27.45%, and
6o4------"-"-"---—-—-——-—+ *+ - -----—"-—-—————-——-— -4 . . .
s | s | THDi at the source was 10.25%. They confirmed harmonic
20 20 content reduction in the system.
LA B N P — 0 Ilmll M "
Ww e 0N g8 ] g Wwe 3N g8 ] Y = THD a1 = THD A
Harmonic order Harmonic order 50
a) (b) 40
100
30-
80 1 —
JCCE Bl S 20
C\407
10
204 --—---—-—-————————+
o PP N IS TP 0
I—Erm:nic :;‘rderN o 0.030_- 1A = jal
(c)
Figure 10. Measurement results: a) Trafo YYo remtif 0.020 1
b) Trafo YD5 rectifier ¢) system equivalent 0,010
C. System Smulation g 000
Figure 11 shows the system configuration. iy
-0.020
g& ED -0.030 -
umec r T T T T T 1
ﬂ A 0.005[MVA] A E 0.090 0.100 0.110 0.120 0.130 0.140 0.150
bl g #1\( \ﬂz B lbrl . . .
Figure 12. Reduction of the system’s harmonic cutré@d waveforms
Icl cC 0.22 013 C lerl
— —
) \ \
@™ 7. APPLICATION OF THETRANSFORMERSARRAY FOR
. VARIABLE SPEEDDRIVES
o % Figure 13 shows the system’s configuration. Shaping the
D' D . . ~ .
122 A" soswa %E <4 variable speed according to (Pefia and Montes, 2007) it was
b2 g #A W/#z B b2 5 considered here that the drives did not have choke reactance or
2 o c o2 mechanisms reducing the system’s degree of contamination to
022 013 j—l ) R
| — o appreciate the system'’s effectiveness.
Figure 11.System configuration — two 6 pulse rectifiers
0.0002
g)g ﬁ)& ImaR1
lal_p|'MmeC lsal b }—i ; }—i 7 I
2oA ooospvy A% ol1 o1 o1 05 001
o
E B #1\( \ﬂz B Isgl :§ |m§1 “‘
=1 q 05 0.01
Icl C 0.22 0.13 (o] Iscl
— —
- 9}15;?3 }_JBE{ZH ImaT1
RO a ] \ \ LA L B§ 2 2 2 ~ 05 oot
= D D g41 g61 921
-
d &) =
L<%> e
0.0002
gDX % ImaR2
la2_p|'Mmec Isa2 b }—i 7 }—i 7 I
B Al ooospmva) (A5 o2 52 & 05 001
o
12 81/ \ e B2 isg2 b
= P! 05 0.01
Ic2 C 0.22 0.13 [ Isc2
— —
) Hggi Hggfz oy e
‘ N B; 12 2 . o5 oot
% % g42 g62 g22

Figure 13.System configuration — two speed drives
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Figure 14 shows that thdHDIi on high side of the

transformer was 111.48%, and tA&1Di at the source was
41.15%. They confirmed reduction of the system’s harmonic

amplitude would not allow efficiently filtering the
harmonics in such system. This configuration could also be
used to power loads having correct input, as shownisn th
paper (rectifiers and speed drives).

content.
— — * When a larger number of converters’ harmonics need to be
1607 filtered, zig-zag connection transformers should be used.
ig: ¢ Using these coupled transformer configurations in
1004 networks is recommended since, in many cases, it is more
= 80+ profitable than installing other filtering systems.
S 60 .
40-
20-
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