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ABSTRACT

In thispaper , atheoretical and experimental analysis of harmonic currents generated by 6-pulse
, &ldc converter with the use of ac voltage regulator is presented. The theoretica analysisis simulated
using Fourier series analysis and Fast Fourier Transform ( FFT ) algorithm . The smulated analysisis
validated with experimental results from 3-phase , 6-pulse , bridge converter rated a 4.2 Kw and
connected to the 400 V , 50 Hz , ac power supply through a 3-phase , ac voltage regulator . The
influence of dc load inductance on the ac harmonic current amplitudes is also eva uated.

dayal
3¢ skl (S ¢ i )8 Geae Jid) (e daclil) 4l hlall el 5 gybaill bl alall &3 ¢ Canll b

- sbiial Caplall 8 Al aliie Jlastinly 5 Oliag G

Fast ) gordl spsd Jussi 5 ((Fourier series analysis ) Juysé aldu Julati: Lea 5 (gplatl) Jalaill (U6 e Cuandil

bl Alae caah g daly SLS 4.2 5)0 53 jaie 338 Heaa dayy Gk e Akl il ) &5 . ( Fourier Transform

gl ) ad e el Caplall 8 sl aalall 55l Gl 5 Al Lad aie Dl 5L Slend) gl a3kl

csbiall Caplal) 3 Al

2873



M. A. Abdulsada TheHarmonic Currents Generated by 6-pulse, AC|DC
Z. Al-Azawi Converter with theUse Of Ac Voltage Regulator
A. A. Al-killidar

KEYWORDS

Ac voltage regulator, ac\dc converter, harmonic currents, Fourier series , Fast Fourier Transform ,
experimental results.

INTRODUCTION

In the last 20 years, the static power converters are widely used in the industry for a variety of
purposes such as, dc power supplies, adjustable speed drivers, uninterruptible power supplies, and high
power induction heating equipment [J. Arrillaga et a,1997]. These converters draw nonsinusoidal
(distorted) current from the main supply and act as asource of harmonics. Harmonics can be defined as
“asinusoidal component of a periodic wave or quantity having afrequency that is an integral multiple
of the fundamental frequency”’[ IEEE standard 519 , 1993] .The harmonics for a 6-pulse converter, 50
Hz fundamenta frequency are the fifth (250 Hz), the seventh (350 Hz), the eleventh (550 Hz)...etc.
The main sources of harmonics are rectifiers and arc furnaces. The power system problems, such as
excessive losses and heating in motors and transformers, resonance, solid-state device malfunctions,
metering and instruments error, and communication interference can be the direct result of the
harmonics [J. S. Subjak et a ,1990 ; R. D. Henderson et a , 1994].Designers of industrial electrical
plants are often requested to face the problem of elimination of harmonic currents injected by AC/DC
converters. AC filters are a common solution for reduction of harmonic currents, but their design
requires estimated of the harmonic currents injected in the ac supply system by converters. Estimation
of harmonic currents are used to quantify the distortion in voltage and current waveforms and to
determine whether resonant condition exist and how they might be reduced [Task Force, 1996].

This paper deals with the study of 3-phase , 6-pulse , AC\DC converter with the use of ac voltage
regulator as a source of harmonics currents . The harmonic currents are analyzed theoreticaly and
experimentally, and the effect of dc load inductance on their amplitudesis also evaluated.

HARMONICS PRODUCED BY AC\DC CONVERTERS

The supply line current drawn by a 6-pulse , AC\DC converter , ( assuming resistive load and
delta\star transformer ), is shown in Fig.1. The Fourier series andysis of such waveform can shown to
be:

5.739 > |
I (wt) = —Tdm [sin( wt)+ 0.2263 sin (bwt)- 0.1131 sin (7w t) + 0.0909 sin (11wt) (1)
p.

- 0.065 sin (13w t) + 0.0567 sin (17 wt)- 0.0454 sin (19w t) - ... ]
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Fig.1 Supply line current wavefor m of 6-pulse ac\dc converter.

Therefore, the supply line current doesn’t contain the even and triple harmonics and only contains
aharmonic of order:

h=6kml (2)

In genera, aconverter of pulse number (q) generates ac current harmonics of order:

h=oqgkmi (3)

The harmonics produced by a 6-pulse , AC\DC converter will be the 5’th, 7°th , 11°th, 13’th, 17°th ,
19’th ,... etc . For a 12-pulse converter the harmonics will be of order 11°’th , 13’th , 23’th , 25’th ,
...€etc. In practice , due to unbalance in the 3-phase supply voltages and firing circuits, some of small
triple uncharacteristic harmonics of order ( h=q.k-3) are appearsin the system .

MODELING AND ANALYSISOF AC\DC CONVERTER

3-phase, 6-pulse, AC\DC converters are considered the most important and practical in power
electronics universe. Connecting adiode rectifier to an ac voltage regulator , through atransformer to a
low voltage network (i.e. 0.4 Kv ) asshown in Fig.2 , is recommended to supply high dc current , low
dc voltage ( with dc power up to 150 Kw ) [Mohammed A. Abdulsada, 1999 ; V. Subrahmanyam ,
1997]. This alow the thyristors to control the lower primary current , which results in ssmpler more
economical power circulit.
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Fig.2 Circuit configuration of ac voltage regulator with 3-phase bridge rectifier.

To facilitate the analysis and operation of AC\DC converter model , the following assumptions
can be made [J. Arrillaga, et a , 1997]:
i. The three-phase supply voltage are balanced and of sinusoidal waveforms.
ii. The thyristors are fired a equa timeintervals, that is, at a constant delay angle.
iii. The supply leakage inductance is neglected.
iv. Theload is assumed to be pure resistive and the effect of inductive load is considered in section
(V1).
The operation of this model of AC\DC converter is depends on the firing angle valuesG. K.
Dubey, 1996]. On varying the firing angle o. from 0° to 30° as measured from zero transit of the phase
voltage, thereis no control on the thyristors conduction . The thyristors start to be controlled fully after

wt :BG of the transit of the phase voltage. During this period , the transformer is subjected to balance 3-

phase supply voltages. At any instance of time, two diodes conduct one in the positive half and the
other in the negative one. Fig.3 shows the waveforms of dc output voltage and supply ( primary ) line
current ia(wt) for this range of firing angle .
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Fig.3 Output dc voltage and supply line current for uncontrolled region ,
a £30°

For therange of a , 30° £a £60°, there are certain periods when three thyristors conduct and another
when two thyristors conduct simultaneously. The relative duration of these periods depend on the value
of o . When T, fired a o, Ts& Tg conduct along with it and the transformer is subjected to balance 3-

phase supply voltages. At t = P, Tsis switched off as its phase voltage ( V) or current reaches zero,
3

but T, and Tecontinue to conduct , the transformer operates on single phase supply and this occursin
therange P £\t £a +P . During this period the voltage across phase C of delta connecting winding is
3 3

equal to the line voltage Vac whilst that across each of two other phases is equa to (1\2) Vac . At
wt=a +% , T2isfired and the transformer revertsto 3-phase operation with T; Tg¢& T, conducting till

Wt = z%when Te Stops conduction as its current becomes zero. In the range %p Ewtfa +2?p Tiand T,

conduct making the transformer operates on single phase supply again . At yt=a +2, T3 gets

positive voltage and start conduction with a firing pulse and the transformer reverts to 3-phase
operation with T, Toand Tsthis continues till wt =p where T, stops conduction. The next negative

half cycle begins from wt=a +p and the sequence of alternative two-thyristors and three-thyristors
conduction is repeated for the rest of the cycle, for example; T, Tzand T,conducting for the range
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a+p £Wt£%, Tsand T, conducting the range %&Nwa +%, and so on. Fig.4.a illustrates the

waveforms of the line-to-line voltages ( heavy line ) supplied to the transformer for firing angle 45°.
It may be noted that the period during which three-thyristors conduct simultaneously decrease as the
firing angle is retarded and when the firing angle is 60° or more three-thyristors simultaneous
conduction ceases.

Fig.4.b and Fig.4.c show the waveforms for firing angles of 60°and 90°. In this case, when T

isfired a a , Tsisturned off simultaneously and T; and Testart conducting. When Tisfired at p later,
3

Te is turn off and the current flow through Ty and To. At wi=a+2, Tais fired but T, stops
3

conduction, therefore T, and T3 conduct . The sequence of aternate two-thyristors conduction is
repeated during each P period. This operation of the circuit extends over the firing angle range from
3

60°to 90°.
For the range of firing angle greater than 90°, discontinuous conduction occurs. Fig.4.d shows the
waveforms corresponding to afiring angle 120° At instant of o, firing pulses are applied to T, and T,

thereby initiating a flow of current through the supply linesA and C . At \t=4 +P. , T1isfired once
3

again with T,. Similar operation is repeated in the other two phases during the rest of the cycle. This
mode of operation describes the operation of firing angles from 90°to 150° or more , no current will be
delivered to the transformer because each time two thyristors are firing and they block the reverse
voltages. Thus, complete control of voltage is obtained within afiring angle range 0°to 150°.

If the transformer hasa T turns ratio , then the voltage waveforms shown in Fig.4 will be transformed
to the secondary side divided by T , it may be noted that the dc output voltage is not affected by
varying the control angle from zero to 30°; it changes at firing angle greater than 30°. Fig.5 shows the
waveforms dc output voltage for different firing angles.
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Fig.4 Primary line voltage for different firing angles.
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Both the load current and the secondary line current are made up of parts of sinusoids. The supply line
current (1a) , Which equal to the difference of appropriate of two delta currents, and the secondary
line currents waveforms are shown in Fig.6 for different firing angles.
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Fig.5 Instantaneous output dc voltage for different firing angles.
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Fig.6 Secondary and supply line currentsfor different firing
angles.
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SIMULATION AND EXPERIMENTAL RESULTS

The harmonic current magnitudes are evaluated using two methods; Fourier series ( FS)
decomposition and Fast Fourier Transform ( FFT ).The FFT method described the current waveformin
the time domain and can easily be performed via computer software to arrive at the constituent
harmonics. The MatLap software is used to compute the FFT of the supply line current and the
complete data vector input takes exactly one period to sample. The sampling rate is taken to be 180
sample per complete period (i. e. 180 sample\ 20 msec. )| Mohammed A. Abdulsada, 1999].

A 3-phase, 6-pulse, 4.2 Kw is assembled and connected to 0.4 Kv power supply through a 3-phase,
ac voltage regulator. A 5 KVA , deltalstar transformer of 19 turns ratio ( step down ) is used and the
load isapureresistive of 0.15 Q . Fig.7 shows the experimental waveform of the dc output voltage for

different firing angle
ﬁ time (2 msfdiv.)
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_ time {2 msfdiv.)
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- tirne (2 msfdiv.)
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time (2 ms'div.}

Ed{10V/ div)

Ed (10 V/div,

a=120"

Fig.7 Experimental wavefor msof output dc voltages.
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Fig.8 shows the experimental waveform of the supply line current and the corresponding frequency
spectrum .A comparison of the supply line current harmonics computed by the two simulation methods
(FSand FFT ) and the experimenta resultsis shown in Fig.9 . The harmonics computed theoretically
by the two methods are seen to be very close to each other ( approximately equal ). There is of slight
difference between the theoretical and experimental results of the supply line current harmonics
because the theoretical results of the AC\DC converter are never fulfilled exactly in the practice.

[h (0.84 /v,

woe=0" Time (5 ms/div.y w=0" Frequency (0.1 kHz'div.)

Time {2 ms'div.) Frequency (0.1 kHz/div.)

1A (4A / div,
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Fig.8 Experimental wavefor ms of the supply line current and
corresponding frequency spectrum.
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Fig. 9 Continued

EFFECT OF DC INDUCTIVE LOAD

If the load on the dc side includes a large series inductance ( infinite inductance ) then the load
current approaches the waveform of pure dc level [V. Subrahmanyam ,1997]. If the supply leakage
inductance remains negligible, the supply line current is free from ripple and the waveform with
uncontrolled region (i.e. a £30° ) will be as shown in Fig.10. The Fourier series of such waveform

can be shown to be:
i(wt) = %gsin (wt) +%sin (5wt)- %sjn (7Twt) - %sjn (11w t) +%sin (13w t) 4

+isin 17wt)- isjn (SN1OW L) - e e
17 19

The harmonic current magnitudes relative to the uncontrolled fundamental component with zero
and infinite dc inductance are givenin Table .1.
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Fig. 10 supply line current with infinite dc inductance.

Table 1 Ac harmonics currentswith zero and infinite dc inductance conditions.

Magnitude of
Order of ) Difference
) harmonic current
Harmonics (%)
La=o La=o0
1 1 1 0
5 0.226 0.200 13
7 0.113 0.143 21
11 0.091 0.091 0
13 0.065 0.077 16
17 0.0567 0.0588 4
19 0.0454 0.0526 14

From Table.1 , it may be seen that the fundamental component ( I1,) isthe same, the ( 15\ 13,) is
decreased from 0.226 to 0.2, ( 111\ 110) IS @pproximately the same , this due to the fact that the 11’th
harmonic current amplitude is scarily relative to ripple , whilst all other harmonics are increased to
some extent .Table2 gives the experimental values of harmonic currents as a percentage of
fundamental (i.e. (In\ l10).Fig.11 shows the experimental waveforms of the supply line current and
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corresponding frequency spectrum for different firing angles when a ( 0.1 ) mH inductive chock is
connected in series with the resistive load.

Table 2 Experimental values of harmonic currents as a percentage of fundamental ( In\ 10 o )

har monic currentsasa percentage of |, ( % )
u <30°| 40° | s50° || 60° | 70° | 80° | 90° | 100° | 110° || 120° || 130° | 150°
Order
5 1684 [ 9447 [ 1157 [ 1526 [ 1473 [ 1368 [ 1157 | 100 | 726 [ 368 [ 157 | ©
7 1052 | 894 | 789 | 473 | 294 | 289 | 389 | 473 | 473 | 289 | 147 | ©
11 842 | 631 | 305 | 526 | 452 | 400 | 336 | 168 | 1.36 [ 1894 | 136 | O
13 482 | 421 | 421 | 263 | 126 | 0842 | 157 | 1.89 | 0526 | 105 | 1.00 | O
17 45 | 315 | 157 | 8 | 263 | 21 | 173 | 0631 |1315| 026 | 100 | O
19 236 | 184 | 236 | 1.89 | 1.00 | 052 | 084 | 0578 | 0.789 | 026 | 0.789 | O
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Fig. 11 Experimental waveforms of the supply line current and corresponding

frequency spectrum for an inductance in series with resistive load.

2888




Number 3 Volume 14 September 2008 Jour nal of Engineering

CONCLUSION

In this paper , the harmonic currents produced by 3-phase , 6-pulse , ACIDC converter with the
use of ac voltage regulator at the supply side are anayzed theoreticaly and experimentally. The
theoretical analysis is simulated using Fourier series analysis and Fast Fourier Transform ( FFT )
algorithm . A 4.2 Kw, (26 v\ 162 A ) 3-phase, AC|DC converter is assembled and the experimental
measurements of harmonic currents were carried out . The dominant harmonics in the supply line
current are found to be the first two odd harmonics ( 5\th and 7°th ) and the harmonics components in
practice are some how less than the theoretical because of commutation effect . The effect of inserting
a0.1 mH inductive chock in serieswith the resistive load is evaluated . The maximum reduction in the
harmonic currents is achieved a a £90° The model of ACIDC converter ,which considered in this

paper , is preferable to be used at low voltage level network to produce low dc voltage, high dc current
. This dlow the thyristors to control the lower primary current , which results in simpler more
economical power circulit.
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LIST OF SYMBOLS

a =Firing angle.

E, = ac supply line-to-neutral voltage (rms).

Em = secondary line-to-neutral voltage (maximum).

h = order of harmonic.

i (w t) = Instantaneous supply current.

lq = Average value of dc load current.

lam = crest value of dc load current.

o = fundamental component of I, assuming zero phase control.
K =Integer no., 1,2 .3, ...

L4 = Inductance of the dc reactor.

g = converter pulse number.

T = Transformer turnsratio.

Va, Vi, V¢ = Instantaneous line-to-neutral 3-phase supply voltages.

Vg, Vse, Vac = Instantaneous line-to-line 3-phase supply voltages.
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