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New Pulse Multiplication Technique Based
on Six-Pulse Thyristor Converters for
High-Power Applications

Sewan ChqgiMember, IEEE

Abstract—A new pulse multiplication technique based on six- transformers are necessary, but this increases the cost and size
pulse thyristor converters is proposed in this paper. With the pro-  of the equipment [1].

posed technique, 12-pulse, 18-pulse, and 24-pulse operations have geyeral multipulse techniques based on parallel or series

been obtained both on the input current and on the output voltage. tion h b d 21-I5]. A h . ducti
A control strategy over the whole range of phase angle is provided connection have been proposed [2]-[5]. almonic rectiction

along with sophisticated input current and output voltage analysis. technique has been proposed to utilize auxiliary thyristors
Experimental results from a laboratory prototype verify the pro-  connected to taps on the interphase transformer (IPT) of par-

posed theory. allel-connected thyristor converters [2]. A dc current reinjection
Index Terms—Harmonic, multipulse, pulse multiplication, technique, which multiplies the pulse number and eliminates
thyristor. harmonics based upon 12-pulse series-connected thyristor con-

verters has been proposed for high-voltage applications such
as HVvdc conversion [3], [4]. The multipulse techniques based
on the 12-pulse converter employ phase-shifting transformers
HE six-pulse thyristor converter rated up to several thotie supply two sets of three-phase voltage displaced in phase by
sands of horsepower has been widely used as a front-e® [2]-[5] and an IPT in case of parallel connection to absorb
ac-to-dc power converter for dc drives or uninterruptibléhe instantaneous voltage differences between the bridges [2].
power systems (UPSs). The high contents of six-pulse rela®de to the unsymmetrical nature of the delta-wye winding of
input current harmonics could couple into nearby telephomige phase-shifting transformer and phase unbalance of the two
circuits and cause misoperation of protective relaying amidges, the average output voltages of the two bridges may
circuit breakers. To avoid such undesirable harmonic effect& unequal, resulting in current unbalance between bridges
tuned passive filters have been employed on the ac side of &l a severe saturation problem in the IPT circuit. This causes
converter. However, passive filters generate their own harmorigch bridge to operate in a discontinuous conduction mode
problems, including delayed system response following distur- which each rectifier conducts only for 8&nd carries the
bances and suffer from the resonance problem with unknofuil-load current [6]. Unsymmetry of the delta-wye winding
system impedances. Active power filters could be a solution gould be alleviated by a three-phase autotransformer or an
these problems, but the initial cost of the equipment makeseittended-delta transformer configuration [5]. However, the
difficult to put them into practical use, especially in high-powefiring angle imbalance of the two bridges to remedy the current
applications. unbalance could cause some undesirable effects, such as
Multiple connection of thyristor bridges increases the pulggarmonic problems [6].
number of the converter and, therefore, reduces low-ordernn this paper, a new pulse multiplication technique based on
harmonic contents without increasing high-order harmoniasix-pulse thyristor converters is proposed. With the proposed
With parallel or series connection of two bridges, the 12-pulsechnique, 12-pulse, 18-pulse, and 24-pulse operations are ob-
converter eliminates the fifth and seventh harmonics in the inpiained, both on the input current and on the output voltage. The
current. In order to further increase the pulse number, multigbeoposed scheme exhibits the following advantages.

connection of bridges and the corresponding phase-shifting . There is no current unbalance unlike the 12-pulse-based
multipulse converter.

, __+ Phase-shifting transformers are not necessary. Instead, rel-
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Fig. 1. Proposed 12-pulse converter. i C 14641, Noss3si,
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A control strategy over the whole range of phase angle is pro-
vided along with sophisticated input current and output voltage —‘——‘_|
analysis. Experimental results from a 220 -V 3-kVA laboratory ;_ 11351,
prototype are provided. ‘—|_L—,__|—

v()

Il. PROPOSED12-PULSE SCHEME

N \\\\;‘;\' \\l AN N
Fig. 1 shows the circuit topology of the proposed 12-pulse
converter. The proposed scheme is based upon the six-puls Vx \,'/l\,'/\\,'/\\,'/]\,'/l\
thyristor converter with additional circuitry to permit pulse
multiplication. The additional circuitry consists of three partsig. 2. Various waveformgN, /N, = 0.929,a = 30°, 8, = 30°,3, =
a voltage-dividing circuit, a current injection circuit, and a0°)-
zigzag transformer. The voltage-dividing circuit includes two

dc blocking capacitor«’,, and C, and a low-kilovoltampere Np — Vmn>0 + "’l>0 Np — Vmn<0 + ’"|<0
transformefl'’t",, operating at the ripple frequency which is 6 —_— —_—

the fundamental frequency. The zigzag transformer creates N — | Ns Ns  — 1 Ns

neutral point »” and equally distributes injected currentinto 7 vj T, >< T v_l’i Ty

three input phases. An injection transformidr,,, is connected 3 > *
between the neutral point»” of the zigzag transformer and 4‘ jo-To jo=Io

the dc-link midpoint n,” and two auxiliary thyristorsl}, and Ei ) . oo
. ; . ig. 3. Operation of the auxiliary circuit.
T, inject a square-wave current on the primary side of the
transformerTl,,.
Assuming negligible ripple voltages across the capaciiirs
andC, due to large capacitances, voltagg, on the primary

into two currentsi;,, and ¢, on the dc side and three currents
iz, %y, andi, on the ac side. That is,

side of transformei’F,,, is given by Ly
tp =1 = b )
1 R 3)
Umn = VUpn — 51}(1- (1) 3

Then, bridge output currents become

The waveform of voltage,,,,, at phase angle 3Gs shown in . in . in

Fig. 2, and its frequency is triple the fundamental frequency. Go1 = Lo + o ez = 1, - 9 4)
Fig. 3 illustrates the operation of two auxiliary thyristor
according to the commutation voltagg,,.. To assure natural
commutation, thyristorf,,(1,) is fired at an angle3,(3,),
which is measured from the rising edge of voltagg,,.
Since thyristorZ,,(7,) is forward biased at this moment, it is
turned on and carries output curreht This causes current Syt = Soq L—120°
iy = (N,/Np)I,(i, = —(N,/Np)I,) to be induced on the S =S/ 120°
primary winding of transformer’l,,,. By the repeated firing of b= = Pa-
the two thyristors, the injected curreitbecomes square wave Set = Say/+120°

in shape as shown in Fig. 2. The curréptis equally divided Se. =8, /+120°. (5)

?\low, switching functionsS, 4 andS,_ for phase &” are de-
fined to relate bridge output currents to bridge input currents, as

shown in Fig. 4. The switching functions for phasésédnd “c
can also be defined by
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Then, bridge input currents can be expressed in terms of bric it| T |tlT T_)'*T T T Tt
output currents and switching functions as by |4l ¢ L2 9 by |Callelir "ol —oipfal Salsy
Ty Sa-l— Sa—
iy | = Sb-l— to1 + | Sy— | to2. (6)
Ty Set Se— (@) (b)

Due to equal distribution of current on the ac side, the input Fig- 7. Auxiliary circuit operatiorfa = 30°). (a) 18-pulse. (b) 24-pulse.

current becomes
In the meanwhile, bridge output voltagg is identical to the

lo = Ty = o = Ty — 3 output voltage of the conventional six-pulse converter as shown
. . . . in in Fig. 2. On the other hand, the output voltage of the proposed
="ty =ty =tv= = scheme is given by

. , , tn

te =ty =~z = tw — 3 (7) Vo :Ud+vac- (9)

Finally, from (2)—(7), the input current can be obtained by Voltage v, becomesv, = (N,/N,)vmn With T, turned on
1 while it becomes,, = — (N, /N, ) vy, With T, turned on. Thus,
la = gin(38at = 380 = 2) + Lo(Sat + Sa-) voltagew, is added to bridge output voltage, resulting in
1 output voltage improvement as shown in Fig. 2.
1y = gin(35b+ —35,_ — 2) + Io(Sb+ + Sb_)
i = lin(3Sc+ 35, = 2) 4 L(Sup + So_). ®8) lll. HIGHER PULSE OPERATION
6 The proposed 12-pulse approach is extended for higher pulse
It can easily be noticed from (8) that the input current waveforoperations such as 18-pulse, 24-pulse, etc.g-pulse opera-
depends on the injected currept that is, on turns ratid( = tion, (p/6) auxiliary thyristors are connected to taps on the sec-
N, /N, and on firing angleg,, andj3,. The optimum turns ratio ondary winding of transformefF,,, as shown in Fig. 7. With
has been found to b& = 0.929. The optimum firing angles appropriate firing of the auxiliary thyristors, the waveforms of
Bp(=p) and 3,(=p3 + 60°) for the lowest input current total injected currenti,, have three-level for 18-pulse operation and
harmonic distortion (THD) have been obtained with respect four-level for 24-pulse operation, respectively. This results in
phase angle: and are shown in Fig. 5. With the optimum firingimprovement in input currents and output voltages as shown in
angle, the minimum THD of 14.19% has been obtained over th@. 8. To assure natural commutation, the firing order of aux-
whole range of phase anglebetween 0 and 180 as shown iliary thyristors must be from left to right when voltags,,, is
in Fig. 6. Various current waveforms at phase angle- 30° positive, whereas it must be from right to left whep,, is neg-
are shown in Fig. 2. Input curreit is shown to have 12-pulse ative. Equations (1)—(9) derived in Section Il are also valid for
characteristics. the higher pulse operation.
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TABLE I
TRANSFORMERV OLTAMPERE AND COMPONENTRATING (ar = 90°).

ia:'_'_'_‘_‘_‘—\
o

NSNS NSNS NSNS NSNS Conventional Froposed
12-pulse 12-pulse 18-pulse 24-pulse
v converter converter converter converter
0
. Vol Vi 0.5773 - - -
() Pri -
L./, 0.8165 - - -
ia Phase Sec. V. /Vu 0.5773 - - -
U Suft 1Y | 04082 - - .
former 10000
N\'\N\N\ANW\NW\N\ Sec. | Ve/Vuu . - - -
& 1A | 02357 ] ] -
vO
(b)
Fig. 8. Input current and output voltage waveforfns= 30°). (a) 18-pulse.
(b) 24-pulse.
TABLE |
CONTROL METHOD AND PERFORMANCE
12-Pulse 18-Pulse 24-Pulse
converter converter converter
Turn ratio - N,;/N,=1.383
of TF,, N/N=0.929 | N/N,=1.233 N./N=0475 ;
D pp Total VA (%) 12425 52.48 56.54 57.85
. 2 |
Optimum @ BB @ B,~pr15° A\ 1.4142 14142 | 14142 | 14142
firing @ p-p @ B=p+20° O B,~p+30° Main
angle | @ B=B+60° | ® PBp+60° @ B,pr60° Thyris- L/l 05000 | 14645 | 16164 | 16915
(See Fig. 5) @ B=p+80° ® B, ~B+75° tor
® B,=B+90° L./L 0.2886 0.6384 0.6464 0.6499
Firing D g ) Q @ 06 Vo Vir - 0.2977 0.3892 0.4285
T,2T T,2T2T, | T,2T.2T.21T, Aux,
order S’ S e Thyis- | T/, - 10000 | 10000 | 1.0000
tor
Tnput L/, - 07071 { 05773 | 0.5000
current 14.19% 9.26% 7.42%
THD Capacic L./, - 0.4645 0.5019 0.5165
Output “ | Constant K, - 03600 | 03184 | 03602
Voltage RF 8.83% 6.43% 5.45%
(=30°)

The voltampere ratings of the transformers employed for the

Table | summarizes the optimum tap positions, the optimugré?)poseq pulsg multiplication technique are calculated &t
and listed in Table II.

firing angles, and the firing order of the auxiliary thyristors fof . " .

the proposed pulse multiplication. It is noted that the degree ofThe value "VA(%)" is determined by
freedom of the optimum firing angles for each of the auxiliary
thyristors is just one. Fig. 5 shows the optimum firing angles
with respect to phase angte to achieve the minimum input
current THD for 18-pulse and 24-pulse operation. Input current
THDs with the proposed firing strategy are shown in Fig. 6.
In the case of 18-pulse (24-pulse) operation, the input current
THD for phase angle higher than 17QL67°) and lower than wherel, is the rms value of the input current. The total voltam-
10° (13) rises since the auxiliary thyristors cannot be forwargere rating is simply the sum of each transformer voltampere,
biased in this range. for example, it is 52.48% for the proposed 12-pulse operation.

1
b V;ms-[rms

= x 100
V3V 1, (= Input VA)

(10)
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fo-lo TABLE I
% % l > VOLTAGE AND CURRENT RATING OF THE A — Y TRANSFORMER
ja Iu
Conventional Proposed
3 v
ﬂ . g 6-pulse 12-pulse | 18-pulse | 24-pulse
@ MM\J Ll 1 1 . converter converter | converter | converter
SN S
A
D Vims/ V1L 1 1 1 1
Pri.
In A
oA Ins/ls 0.8165 a 0.8450a | 0.8504 a | 0.8545 a
.i l( Vi Vir a a a a
Sec.

Fig. 9. Alternative scheme for isolation and/or voltage matching. Tl 0.8165 0.900 0.914 0.919

However, it should be noted that transformigr,,, and trans- _ _ o _
formerTF,, are physically smaller than might be expected bé-hen, the input current in terms of switching functiofjs and

cause they operate at 360 and 180 Hz, respectively. I, becomes
In the applications where the operating range of the phase
angle is limited below or above 90the voltampere ratings of tq = tab — tea

the transformers could be smaller than the listed value. Com-
ponent ratings of the proposed schemes are also compared with
those of the conventional 12-pulse converter. Note that the aux-
iliary thyristor has a small voltage rating compared to the main + Lo(Sat = Spt + o — Sb—)} - (13)
thyristor.

A large ripple in voltagev.,(v.,) due to small capaci- It can easily be shown from (13) that the input current of the
tance C,,(C,) distorts the commutation voltags,.., which alternative scheme has the multipulse characteristics.
may cause a commutation failure of the auxiliary thyristors. To accommodate the injected currépt the kilovoltampere
Therefore, capacitanc€,(C,) should be determined takingrating of theA — Y transformer needs to be slightly increased.
into account the permissible level of the ripple voltage. ThEable Il shows the voltage and current rating of each winding of

1
=a {§in(5a+ - Sb+ - Sa_ + Sb_)

capacitance can be determined by [4] the transformer. Therefore, for the proposed 12-pulse, 18-pulse,
K and 24-pulse operation, the kilovoltampere rating ofthe Y
Cp,=C, = ﬁ (11) transformerisincreased 6.86%, 8.05%, and 8.42% compared to
v LL

the conventional six-pulse operation.
where K, is the ripple factor ands,, is the capacitor constant
according to the pulse number. V. EXPERIMENTAL RESULTS

A 220-V 3-kVA laboratory prototype has been constructed,
and experimental results are provided in this section. Ex-

In some applications such as UPSs or static var compensaisgimental waveforms of the proposed 12-pulse, 18-pulse,
(SVCs) where voltage matching and/or isolation is needed, td 24-pulse schemes at phase amgle- 30° are shown in
zigzag transformer for equal distribution of the injected currepgs. 10-12, respectively. Injected curreipt has two-level
can be omitted. Instead, the currepts injected directly to the [Fig. 10(a)], three-level [Fig. 11(a)], and four-level [Fig. 12(a)]
neutral of the delta-wye transformer as shown in Fig. 9. The oy 12_puise, 18-pulse, and 24-pulse operations, respectively.
erating principle of the alternative scheme shown in Fig. 9 is trﬁq,put current waveforms as well as output voltage waveforms

same as the proposed scheme shown in Fig. 1. Bridge input &iyis i, close agreement with their respective theoretical wave-
rentz,, 4,, andi,, and injected current, are identical for both forms shown in Figs. 2 and 8

schemes. Therefore, all the equations except (3), (7), and (8) in
the previous section are also valid for the alternative scheme.
Assuming that the turns ratio of the delta-wye transformer is
1 : a, the current in the primary delta winding is expressed as In this paper, a new pulse multiplication technique based
upon the six-pulse thyristor converter has been introduced. The
—in proposed scheme characterized in Fig. 1 does not necessitate
:15 phase-shifting transformers. Instead, transformers rated around
lpe = @iy + gin 50% of the input power are employed. The proposed schemes
1 also do not have the current unbalance problem unlike the
fea = @ tw + Sin. (12)  multipulse technique based on parallel connection of bridges.

IV. ALTERNATIVE SCHEME

VI. CONCLUSION

ia,b =a- i'u, +
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Fig. 10. Experimental waveforms (12-pulse). (a) Injected currenb) Input current,,. (c) Output voltage»,,. Scaling: 2 A/div; 100 V/div; 2 ms/div.
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Fig. 11. Experimental waveforms (18-pulse). (a) Injected currenb) Input current,,. (c) Output voltage»,. Scaling: 2 A/div; 100 V/div; 2 ms/div.
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Fig. 12. Experimental waveforms (24-pulse). (a) Injected currenb) Input current,,. (c) Output voltage»,. Scaling: 2 A/div; 100 V/div; 2 ms/div.

Optimum firing angles for minimum input current THD have [5] S. Choi, B. Lee, and P. Enjeti, “New 24-pulse diode rectifier systems

- for utility interface of high-power ac motor drivesl|EEE Trans. Ind.
been provided over the whole range of phase angle between 0 Applicat, vol. 33, pp. 531541, Mar/Apr. 1997,

and 180. Design parameters such as optimum tap positions Of[6] D. J. Perreault and J. G. Kassakian, “Effects of firing angle imbalance
auxiliary thyristor and component ratings have been obtained.  on 12-pulse rectifiers with interphase transformefSEE Trans. Power

Further pulse multiplication such as 30-pulse, 36-pulse, etc., E'ectron, vol. 10, pp. 257-262, May 1995.
is possible with the proposed technique. The experimental
results validated the proposed pulse multiplication technique.
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