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A 36-Pulse Diode-Bridge Rectifier Using Dual
Passive Harmonic Reduction Methods at DC Link

Lei Gao

Abstract—In order to simultaneously reduce the harmonics of
input line current and ripple of load voltage in multipulse diode-
bridge rectifier, this paper proposes a 36-pulse rectifier using dual
passive harmonic reduction methods at dc link. The proposed rec-
tifier combines a 12-pulse rectifier and a multiwinding interphase
reactor (IPR). The primary winding of the multiwinding IPR and
two diodes constitute the double-tapped IPR, which is named as
the first harmonic reduction method; the secondary winding of the
multiwinding IPR and a single-phase diode-bridge rectifier formu-
late the second harmonic reduction method. When the multiwind-
ing IPR is designed optimally, the pulse number of load voltage
and step number of input line current can be increased from 12 to
24 by using the first method and from 24 to 36 by using the sec-
ond method. The operation of the multiwinding IPR is analyzed,
and the optimal turn ratio of the multiwinding IPR is obtained
from the perspective of minimizing the total harmonic distortion
of input line current. When the multiwinding IPR is designed op-
timally, both the pulse number of load voltage and step number of
input line current are 36 per power supply cycle. Compared with
the 12-pulse rectifier, in the proposed rectifier, the harmonics of
input line current and ripple of load voltage are reduced signifi-
cantly. The proposed rectifier is simpler and easier to realize than
other methods. Some simulation and experiments are carried out
to validate the theoretical analysis.

Index Terms—Double-tapped interphase reactor (IPR), mul-
tipulse rectifier, multiwinding IPR, passive harmonic reduction,
single-phase diode-bridge rectifier.

I. INTRODUCTION

ULTIPULSE diode-bridge rectifier is the most popular
M rectifier in high power rectification system, such as ship
propulsion system, aircraft power converter system, and long-
range rocket launcher power supply system [1]-[3]. In these
applications, multipulse diode-bridge rectifier is the interface
between the load and generator, and transmits most of power
produced by the generator. The performance of the multipulse
diode-bridge rectifier, especially its power quality, affects the
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load and generator [4], [5]. As to the generator, the vibration and
over-heat may occur if the input line currents of the multipulse
diode-bridge rectifier contain a large amount of harmonics; as
to the load, the output voltage of the multipulse diode-bridge
rectifier is required to be a constant. Therefore, in the multipulse
diode-bridge rectifier, the total harmonic distortion (THD) of
the input line current and ripple coefficient of the load voltage
should remain as small as possible.

Efforts have been made to improve the power quality of the
multipulse diode-bridge rectifier. The methods can be classified
into three types. The first is to increase the output phase num-
ber of the phase-shifting transformer [6]-[9]. Along with the
increase of the output phase number, the pulse number of load
voltage and step number of input line current increase propor-
tionately, and the THD of input line current and ripple coefficient
of load voltage decrease. Therefore, increasing the output phase
number of the phase-shifting transformer can simultaneously
improve the power quality of the input side and output side.
In fact, the winding configuration of the phase-shifting trans-
former becomes more and more complicated with the increase
of the output phase number, which, as a whole, will increase
the difficulty of designing and manufacturing, and decrease the
winding utilization ratio.

The second method depicts the active auxiliary circuit at dc
link to reduce the harmonic [10]-[15]. In this method, an active
auxiliary circuit is installed at dc link of the multipulse diode-
bridge rectifier, which can modulate the output currents of the
three-phase diode-bridge rectifiers. When the modulated output
currents meet some conditions, the harmonics in the input line
current are reduced to the most degree. For example, in [10]
a Buck-Boost converter, and in [11]-[15] an active inter-phase
reactor (IPR) are, respectively, utilized to reduce the harmonics.
When the active auxiliary circuit is used, the theoretical THD of
input line current is about 1%, which meets the requirement in
most of the application scenarios. However, this method cannot
increase the pulse number of load voltage. For example, in
[10]-[15], the pulse number of load voltage remains the same
even if the active auxiliary circuit is utilized.

The third method depicts the passive auxiliary circuit at dc
link, and its representative is to substitute the multi-tapped IPR
for IPR [16]—[22]. The diodes/thyristors connected to the mul-
titapped IPR conduct in turn, which can produce a circulating
current to reduce harmonics of the input line current, and super-
impose a voltage on the load voltage so as to increase the pulse
number. For example, in a 12-pulse diode-bridge rectifier, if the
IPR is replaced by a double-tapped IPR, both the pulse number

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1.

of the load voltage and step number of the input line current are
24 under the ideal condition [18], [20]. In this method, both the
pulse number of the load voltage and the step number of the in-
put line current are determined by the tap number of IPR and the
number of three-phase diode-bridge rectifiers. In this method,
when tap number of IPR is greater than two, the thyristors are
used, and the control system becomes more and more compli-
cated along with the increase of tap number of IPR [21], [22].

From the aforementioned analysis, the first method and the
third method can simultaneously increase the pulse number of
the load voltage and the step number of the input line cur-
rent, and the second method can only reduce the harmonics in
the input line current; in order to obtain higher pulse number
and step number, more complicated winding configuration of
phase-shifting transformer is a necessity in the first method, and
more complicated control system is needed in the third method.
Therefore, in order to improve the pulse number of load voltage
and step number of input line current, using the passive auxiliary
circuit at dc link is preferred.

In this paper, a 36-pulse diode-bridge rectifier using dual pas-
sive harmonic reduction methods at dc link is proposed. In the
proposed rectifier, a multiwinding IPR is used, and its primary
winding and two diodes constitute the conventional double-
tapped IPR, which is the first harmonic reduction method; its
secondary winding and a single-phase diode-bridge rectifier for-
mulate the second harmonic reduction method. Because only the
diodes are used in the dual passive harmonic reduction methods,
the proposed rectifier is simple and easy to realize. More impor-
tantly, the dual passive harmonic methods can simultaneously
increase the pulse number of the load voltage and step number
of the input line current.

II. TOPOLOGY AND MANDATORY CONDITIONS OF
THE PROPOSED METHODS

Fig. 1 shows the proposed 36-pulse rectifier using the dual
passive harmonic reduction methods at dc link. In Fig. 1, a
star-connected autotransformer is used to be the phase-shifting
transformer. Attention should be aroused that the other auto-
transformers or isolated transformers are also suitable to be

Proposed multipulse rectifier using the dual passive harmonic reduction methods at dc link.
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Fig. 2. Winding configuration of the multiwinding IPR.

the phase shifting transformer in the proposed rectifier. In the
proposed rectifier, the IPR is replaced by a multiwinding IPR,
and the primary winding of the multiwinding IPR and two
common cathode-connected diodes constitute the well-known
double-tapped IPR, which is named as the first passive harmonic
reduction method; the secondary winding and a single-phase
diode-bridge rectifier constitute the second method.

In Fig. 1, the input side (ac side) and output side (dc side)
of the single-phase diode-bridge rectifier are connected with
the secondary winding of the multiwinding IPR and the load,
respectively. When the single-phase diode-bridge rectifier oper-
ates normally, the following mandatory condition should be met

ey

where ug is the voltage across the secondary winding of the
multiwinding IPR, and |u|max is the maximum of its absolute
value; ugy min 1S the minimum of the load voltage wg,.

Fig. 2 shows the winding configuration of the multiwinding
IPR, and in Fig. 2, two turn ratios are defined as

‘us ‘ Z Udamin

max

Npl Ns
m = a7 = xr 2
a N, m N, 2)

where a,, and m are the turn ratio of the double-tapped IPR and
the multiwinding IPR, respectively; IV, is the turn number of
winding AP or AQ, and N,, and N, are the turn numbers of the
primary winding and the secondary winding, respectively.
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From Fig. 2 and (2), the relation between the voltages across
the primary and secondary windings of the multiwinding IPR
meets

m= 3)
Uy,
As discussed in [23], u,, is expressed as
Uy =
3V2F sin (wi km ot € kr w +k:7r
over g &2 M
2+3 3 3712 3
73\/§E sin wt—z—k—ﬂ- wt € 1+kiz+kj
243 6 3 12 3’4 3
3V2E . km 7  kr (k+ 1w
Ve t - t PR St
2+\/§sm<w+ﬂ' 3)w€[4+3, 3

“

where E is the rms value of the input phase voltage. Thus, from
(3) and (4), |t |max is calculated as

9v/3 - 15
= M

‘uvs‘max = m|uplmax - 9 E. (5)

As discussed in [23], after using the double-tapped IPR, the
load voltage ug, is given by

Uda =
3E [S, <wt+7r /f7r>Jr 2a,, . (wt ]{Z’JT):|
— | sin - — — si —
2 2 3 243 3
wt € kj i kj
3712 3
E [sin <wt+7r—k7r>— 22 sin (wt W—Im>}
V2 3 3 243 6 3
te | krom b
1127306 3
[Sin (wt—l—ﬁ—m)—i— 2am sin (wt ﬂ—lm>}
V2 3 3 243 6 3
e |Tykn o kr
YPElE T3 T3
—E sin wt—l—ﬁ—]ir + 2am sin wt—&—Q—ﬂ-—k—ﬂ-
V2 6 3 2+3 3 3
m  km (E+ D7
te |4 —, 1.
wt € [4 + 3 3 }
(6)
From (6), uqa min 1S calculated as
1 3 3V3-5
udamin:3< +4f+ \/; am> E. @)
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Fig. 3. Multiwinding IPR and its auxiliary circuit.

Substituting (5) and (7) into (1) yields

12 +7v3
m Z 4+ \/> Qm - (8)
6
In addition, from Fig. 2 and (2), the turn ratio a,, should meet
0<a, <0.5. ©)

When the two turn ratios meet (8) and (9), the single-phase
diode-bridge rectifier can operate normally.

As discussed in [23], the turn ratio of the double-tapped IPR
affects the pulse number of load voltage; in Fig. 1, because the
output side of the single-phase diode-bridge rectifier connects
with the load, the turn ratio of the multiwinding IPR also affects
inevitably the pulse number of load voltage. Expressions (8)
and (9) limit the ranges of the two turn ratios. In next section,
the multiwinding IPR is designed optimally to obtain the THD
minimum of the input line currents.

III. OPTIMAL DESIGN OF THE MULTIWINDING IPR

In this section, from the perspective of minimizing the THD of
input line current, the multiwinding IPR is optimally designed.

A. Operation Modes of the Multiwinding IPR

Fig. 3 shows the multiwinding IPR and its auxiliary circuit.
As discussed in this section [23], the double-tapped IPR has
two operation modes: (Dwhen u,, > 0, the diode D,, conducts,
and the double-tapped IPR operates at mode P; @when u,, < 0,
the diode D, conducts, and the double-tapped IPR operates
at mode Q. According to the operation principle, the single-
phase diode-bridge rectifier has three operation modes: (Dwhen
|us| < ug, the diodes VD1, VD2, VD3, and VD4 are reverse-
biased; @when ug > ugy, the diodes VD1 and VD4 conduct, and
the diodes VD2 and VD3 are reverse-biased; @when —u; > ug,
the diodes VD2 and VD3 conduct, and the diodes VD1 and
VD4 are reverse-biased. Therefore, the multiwinding IPR and
its auxiliary circuit have six operation modes.

When the single-phase diode-bridge rectifier operates nor-
mally, its output voltage is equal to the load voltage

ua(9) = |us(9)] = m |uy(9)]

where ¢ is the initial conduct angle of the single-phase diode-
bridge rectifier.

(10)
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Operation mode of the multi-winding IPR. (a) Mode I: wt€[0, ¢]. (b) Mode II: wt€[¢, 7/6—¢]. (c) Mode III: wt € [7/6 — ¢, 7/6]. (d) Mode TV:

wte [1/6, 1/6 + ¢]. (¢) Mode V: wt € [1/6 + ¢, /3 — ¢]. (F) Mode IV: wt € [7/6 — ¢, 7/6].

From (3) and (4), the period of the voltage |u| is 7w/ 6. There-
fore, the initial conduct angle ¢ meets

T
0 —. 11
<9< D (11)
From (5), (6), and (10), ¢ is calculated as
2
¢ = arctani. (12)
2(m — ap,)

From (4) and (6), the periods of the voltages u,,, u, |us|, Uda
are /3, /3, w/6 and /6, respectively. Therefore, the operation
modes can be analyzed in the interval [0, 7/3].

1) Mode I: wt € [0, ¢]: In this interval, u,, is less than zero,
and |us]| is less than wu,. Therefore, the diode D, is forward-
biased and turns on, the single-phase diode-bridge rectifier does
not work, and the output current of the single-phase diode-bridge
rectifier is equal to zero. Fig. 4(a) shows the operation mode.

From the ampere-turn balance principle and Kirchhoff’s volt-
age law, the currents 7,41, ¢42 and load voltage are calculated as

i1 = 0.515 — iy,

gy = OSId + i (13)

ug = 0.5(uq1 + uqg2)

where i,, is the circulating current and it is equal to a,, ;.

2) Mode II: wt € [¢, 7/6 — ¢]: In this interval, u, is less
than zero, and —u is greater than u,. Therefore, the diodes D,
VD2 and VD3 are forward-biased and turn on, and the diodes
VD1 and VD4 are reverse-biased and turn off. Fig. 4(b) shows
the operation mode.

From the ampere-turn balance principle and the operation
principle of the single-phase diode-bridge rectifier, the currents

i, 141 and 749 are calculated as

. 1—2a,, I
=
om+ 1 — 2a,, °
(14)
2m
jgo = ——— I, and g7 = 0.
242 om+1— 2a, d, and 4y

From the Kirchhoff’s voltage law, the relation among
Ug, Ud1, Ug2, Us, and u, meets

Ug = —us = uq2 + (0.5 — am )y,
Us (15)
U, = — and ugo + u, = uq;.
Therefore,
2m
Uy = Uy = ———————— U
d 2m+1—2a,
2m — 1 — 2a,,
= 16
YT o 1 - 2a,, (16)
2
Uy = —————————Ugs.
P om+1—2a, “

3) Mode III: wt € [7/6 — ¢, w/6]: In this interval, u,, is less
than zero, and |u,| is less than u,, which is the same as that in
the mode I.

4) Mode 1V: wt € [1/6, /6 + ¢]: In this interval, w, is
greater than zero, and |u,| is less than wg. Therefore, the
diodes D), is forward-biased and turns on, and the single-phase
diode-bridge rectifier does not work. Fig. 4(d) shows the opera-
tion mode. From the ampere-turn balance principle and Kirch-
hoff’s voltage law, the currents 4,41, 742 and load voltage are
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calculated as
ig1 = 0.51; +1,,

iz = 0.51; — iy, (17)

ug = 0.5(ug1 + ugz).

5) Mode V: wt € [1/6 4+ ¢, /3 — ¢]: In this interval, u,, is
greater than zero, and u is greater than u,. Therefore, the diodes
D,, VDI and VD4 are forward-biased and turn on, and the
diodes VD2 and VD3 are reverse-biased and turn off. Fig. 4(e)
shows the operation mode.

From the ampere-turn balance principle and the operation
principle of the single-phase diode-bridge rectifier, the currents
i, 141 and 749 are calculated as

1- 2am

1%,
T omt1—2a, ¢
(18)

2m

— ™ I andig = 0.
om + 1 — 2q,, & ANC2

141

From the Kirchhoff’s voltage law, the relation among
Uq, Uq1, Ug2, Us, and u, meets

Ug = us = ug1 — (0.5 — ay )uy,

U —%andu — U, = U (19)
D ma dl P d2-
Therefore,
2m
Uy = Uy = —————1U,
d " 2m+1—2a,, a1
2m — 1 — 2a,,
= 20
Uiz = 5 o U (20)
2
Uy = ———————— Uy -
P om 41— 2a,

6) Mode VI: wt € [7/6 — ¢, 7/6]: In this interval, w, is
greater than zero, and |u,| is less than w4, which is the same as
that in the mode IV

From the aforementioned analysis, the current i4; through the
primary winding of the multiwinding IPR is expressed as

[k k
05—an)ly wte |"Z o+ 8
73 3
[ km w km
t - -
0 w 6_(;5—!— 36 ¢+ 3>
T kr w™ km
S—an)ly wte|Z - Ty
| 05 —an)ls wie|g—0+55 3)
e ok k
0 T T T
Stan)ly wte |l T ua
(0.5 4 am )1q “’6_6+3 6+¢> 3>
2mly T km w km
amti-2a, ST 303 ¢+3>
[ kr (k+ 17
. mI t - — _—, .
0.5+ ay)l; wte 3 o+ 3 3 ]
(21)

The current 7,40 lags behind 741 7/6 electric degree.
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B. Optimal Turn Ratio of the Multiwinding IPR

In part A of this section, the currents 741 and 740 are obtained
by analyzing the operation of the multiwinding IPR. When 4,
and 749 are known, the input line currents of the proposed recti-
fier can be calculated, and furthermore, the optimal turn ratios of
the multiwinding IPR can be obtained by minimizing the THD
of the input line current.

As discussed in [23], the input line currents are expressed as

ia = [Sal + (2 - \/g)Sbl]Z.dl + [SaQ + (2 - \/g)S(:Z]idQ
ib = [Sbl + (2 - \/g)scl]idl + [SbZ + (2 - \/g)SQQ]’L'dg

ic = [Se1 + (2 — V3)Su1liar + [Se2 + (2 — V/3)Sp2liaz
(22)

where S,1, Sp1, Se1, Sa2, Sp2, Seo are the switching functions
of the phase al, bl, cl, a2, b2, c2, respectively.
To set phase a as an example, substituting (21) into (22), the
Fourier series of the current ¢, is calculated as
= 21,
= g "
i Z — B, sin (nwt)

n=1

(23)
where B,, meets
B, = 2sin % {2(2 — \/g)am sin % (2 cos % + \/§)
+ sinn¢ (cos % + V3 cos % + 1) —2(2 - \/g)am
X K\/g sin nn + sin @) cos ng+ sin (n—7T - nqﬁ)}
3 6 2
+ o % -+ cos mr)
2+/3 12/

4m sin (% fngb) <2 cos “f-
From (23), the rms value of the current 7, is calculated as

2m+1_2am \/g‘f‘l

I, =
8(2—/3)m?2 12
I [ 6]1 + 4(7—4\/??)51%1]9+L)m2 <1 ¢)
T (2m+1-2a,,) 7T
(24)
and the rms value of its fundamental is calculated as
21
I = V2l B (25)
T
where By = 512 a,, (1— cos ¢)+ 5250 ] 4 00 20n olno
Define the THD of the input line current as
/12 _ I/2
THD = Y22, (26)

I,

The THD of input line current can be obtained by substituting
(24) and (25) into (26). Fig. 5(a) shows the relation among the
THD, a,,, and m. In Fig. 5(a), when a,,, = 0.163 and m = 10.75,
the THD is minimal, and the minimum is 5.04%; from
(17), when a,, =0.163andm = 10.75, ¢ = 10°. When
an, = 0.163, Fig. 9(b) shows the relation between the THD and
m; when m = 10.75, Fig. 5(c) shows the relation between the
THD and a,, .

When a,, = 0.163andm = 10.75, Fig. 6 shows the input
line current and its spectrum. The input line current contains
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36 steps with the equal width per power supply cycle, and its
THD is about 5.04%; from Fig. 6(b), the lowest harmonic is 35
order. Therefore, from the waveform of the input line current, the
proposed multipulse rectifier realizes the 36 pulse rectification.
When a,, = 0.163 and m = 10.75, Fig. 7 shows 75 and 7,47 .

C. Load Voltage

From the analysis of the operation of the multiwinding IPR,
the load voltage w, is expressed as

[sin (wt—&—ﬂ—lm) +ﬂsin (wt—IWT)}
2 6 2+V3 6
wt € {kﬂ- 7r+/<:77>
6 18 6

. ( 51 k’ﬂ')
sin | wt + — — —

Ug =

SIE

6m(v3—1)E

2m + 1 — 2ay, 12 6
wt € _ﬂ+kﬂ,ﬂ+lm>
| 18 6°9 6
3F | . T kmw 2a,, . T kmw
ﬁ {sm (wt+3—6>—2+\/§sm (wt— 6_6>}
(7 kr (B+1)w
wt € _9+6’6}

27)

When a,, = 0.163, m = 10.75, the load voltage uq can be
illustrated, as shown in Fig. 8. The load voltage has 36 pulses
with equal width per power supply cycle. Therefore, from the
waveform of load voltage, the proposed multipulse rectifier also
realizes 36-pulse rectification.
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From (27), the maximum, minimum, and average value of the
load voltage are calculated as

Udmax = 2.129F

Udmin = 2.121F (28)
Uday = 2.1264F.
Define the ripple coefficient as
K — Udmax — Udmin ) (29)

2Ugay

Substituting (28) into (29), the ripple coefficient of load volt-
age is calculated to be 1.88 x 1073, which is far less than that
of the 12-pulse rectifier and 24-pulse rectifier in [20].

D. Discussion About kVA Ratings of the Multiwinding IPR

As discussed in [23], in the 12-pulse rectifier, the kVA
rating of the IPR accounts 2.03% of the load power. In
this part, the kVA rating of the multiwinding IPR is calcu-
lated when the dual passive harmonic reduction methods are
used.

From the operation modes of the multiwinding IPR, the
rms value of the voltage across its primary winding is
calculated as

U, =3v2(2 - \/3)\/% — %E ~ 0.17E. (30)

From Fig. 2, the primary winding of the multiwinding IPR
comprises three little windings (winding RP, winding PQ, and
winding QS). The currents through the winding RP and wind-
ing QS are equal to I;; and I;9, and their rms values are
calculated as

2 om \?> 1 1
a1 = daz d\/amxs+(2m+1> 5156

=0.57961,.

€1V}
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From the operation mode of the multiwinding IPR, the current
through the winding PQ is expressed as

I o1 wte [Tk =+ 2k)
9 Am Lq w 3 718 3
[ ™ Vs s
0 te [ 4TI —k)
e T
1, 7 tE_W+7rk7T+7rk)
— — Qm 14 w ’S o vy 4 o
2 d Lo "376 "3
; ) ) k=0,1,2...
d T T w
T mI t = *kai 7k:
9 +a,l; wte _6+3 9 +3 )
27 T b T
0 te |22+ Dk 2 Dk
el T3h RT3 )
I, (5
— anly wte 178T+§k,7;(k+1)]
) (32)

and its rms value is calculated as

2 /1
Ing = \/; (2 _ a> I, = 0.27761,.

From (3) and (30), under the optimal turn ratio condition,
the rms value of the voltage across the secondary winding is
calculated as

(33)

U, = mU, ~ 10.75 x 0.17E = 1.8275E. (34)

From the operation modes of the multiwinding IPR, the rms
value of the current through the secondary winding of the mul-
tiwinding IPR is calculated as

1 1-2a,
I, = >—— 20 1~ 0.017551,.
: \/g2m+1—2am a = 001755

Therefore, the kVA rating is calculated as

(35)

1 1
Sipr = 3 X {2 X (2 —am) x 0.17
2 1 om  \? 1 \F
a2, + - —— — 4+ 2a,,0.174/ =
><\/zs“’”Jr()’<2me1) Tt 3
(X +18275\/T 1~ 2an
g Mm) T 32m+1—2a,

I; = 0.057EL; = 2.68%U,1I,.

(36)

The kVA rating of the multiwinding IPR accounts for 2.68%
of the load power. Compared with the IPR, the multiwinding
IPR has a secondary winding. In addition, the modulation ef-
fect of the dual methods has changed the currents through the
primary winding of the IPR. Therefore, the kVA rating of the
multiwinding IPR is greater than that of the IPR.



GAO et al.: 36-PULSE DIODE-BRIDGE RECTIFIER USING DUAL PASSIVE HARMONIC REDUCTION METHODS AT DC LINK

(=
N
—
]

1223

A 6.872 A B8 6.753

< < soHe 6 e@ras Upcm
£ 6} £
£ £
g g
o 0 o 0
5 £
2-6] 26
= =
= T =

12 . -12,

02 0.03 0.04 0.02 0.03 004 | Sesmemimmma S e
Time (s) Time (s) 04707717 15:00:50 120U 50Hz 38 WYE  EN50160*
F100f ': § F100 T e iy
E Fi tal (50Hz) = 9.754 £ F tal (50Hz) = 9.993 A T
g 80 THD= 15.22% : g 80 THD= 4.79%
< <
T 60 = 60
= = S OB 5 L B L R
T =40
= =]
X 20 i X 20
= 11 1L : s e L L | U
< 0 < 0
2 10 20 30 40 S 1 10 20 30 40 THDDC 1 3 5 7 9 1m 13 15 17
Harmonic order Harmonic order 04707717 14:59:25 120U 50Hz 38 WYE __ EN50160*
(a) (b) (©

Fig. 9.
(c) Experimental results of the proposed multipulse rectifier.

Input line currents and their spectrums. (a) Simulation results of the 12-pulse rectifier. (b) Simulation results of the proposed multipulse rectifier.

Py A e .

S0 < Load voltage: 50V/di
% %200 oad voltage: /div
= vy
= -1
g g ;
= 190 = 196 i Load current: 5A/div
2 2102 1 TP SR SO VP
£ 10 ™
£ LI (e g Ay

-
98 £ YVYVYVVYVVYVVYVVYVYYVVYVVYVVYVYYVVYV
o

<
= Y A S
§ 9.6 'g

= - " X

9.6 Abscissa axis: 10ms/div
%402 0.03 0.04 02 0.03 0.04
Time (s) Time (s)
(@ (b) ©

Fig. 10.
results of the proposed multipulse rectifier.

IV. EXPERIMENTAL VALIDATION

From the theoretical analysis in Section III, the proposed
rectifier has good performance in reducing harmonics of input
line currents and ripple of load voltage. In order to validate the
aforementioned theoretical analysis, a 36-pulse rectifier using
the dual passive harmonic reduction methods is designed. Some
simulation and experiments are carried out, and the simulation
and experimental conditions are listed as follows:

1) The rms value of input phase voltage is 95 V.

2) Load power is 2 kW.

3) Load resistance is 20 ).

4) N, =947,N, = 88, N,; = 14.

Fig. 9(a) shows the input line currents and their spectrums
in the 12-pulse rectifier, and Fig. 9(b) and (c) shows the corre-
sponding simulation and experimental results in the proposed
multipulse rectifier, respectively. In the 12-pulse rectifier, the
THD of input line current is about 15%, and the lowest har-
monic is 11 order; in the proposed multipulse rectifier, the sim-
ulation and experimental value of the THD are about 4.8%
and 3.1%, respectively, and the lowest harmonic is 35 order.
From Fig. 9(b) and (c), the input line currents are approximately

Load voltage and load current. (a) Simulation results of the 12-pulse rectifier. (b) Simulation results of the proposed multipulse rectifier. (c) Experimental

sinusoidal, and the experimental value of THD is less than the
theoretical value because of the effect of leakage inductance of
phase-shifting transformer. Compared with the input line cur-
rents of the 12-pulse rectifier, the harmonics in the proposed
rectifier are reduced significantly.

Fig. 10(a) shows the load voltage and load current in the 12-
pulse rectifier, and Fig. 10(b) and (c) shows the corresponding
simulation and experimental results in the proposed multipulse
rectifier, respectively. In the 12-pulse rectifier, the load voltage
has 12 pulses per power supply cycle; in the proposed multipulse
rectifier, the load voltage has 36 pulses per power supply cycle.
From Fig. 10(c), the load voltage and load current are approx-
imately constant, which indicates that their ripple coefficients
are very small. In addition, when simulating, the inductance of
the multiwinding IPR is set to be very small, but when experi-
menting, the inductance cannot be ignored. Therefore, the ex-
perimental results of load voltage and load current are smoother
than that of the simulating results.

Fig. 11(a) shows the output currents and output voltages of
the two three-phase diode-bridge rectifiers in the 12-pulse recti-
fier, and Fig. 11(b) and (c) shows the corresponding simulation



1224

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 2, FEBRUARY 2019

220 220
S S
gﬂ )
F200 2200
g H
180 V-V s 180
% — U2 % —Uq1
<) <)
< <
H H
= -
) )
= =
=] <@
s s
& ‘ &
= L = P i
S .02 0.03 0.04 =] 0.03
Time (s) Time (s)
(@) (b)
+ +
Voltage ug,: 50V/div

s 7 N

S VNV

Voltage ug,: 50V/div

Abscissa axis: Sms/div

Fig. 11.

7 l A, e s s
v ‘\\,f' .“q.l"ﬂ"» W "‘./" WA

s M
P

A

\ A A
AYAYAY;

Curent iy;: SA/div

j\\//\ A ;A
VVV VA

AAANS A/
JAVAYAVAYAVAVAY,

VV VY

Current iy;: SA/div

Abscissa axis: 2.5ms/div

©

of the proposed multi-pulse rectifier. (c) Experimental result of the proposed multi-pulse rectifier.

2
=]

—
(=] n

—
n

Voltage across IPR (V)

3002

Time (s)

@

Fig. 12.

Voltage across the primary

winding of IPR (V)

30
20
100
0
-10
~200.02 0.03 0.
Time (s)
(b)

multipulse rectifier. (c) Experimental result of the proposed multipulse rectifier.

_
N

[ fpp—ing

Currents (A)
= ©

w

e
>
5

0.03
Time (s)

@

0.04

Fig. 13.

Currents (A)

= “
=
=

—
[ 5]

—ipp —Ip,

o

=)

~0.03 - 0.04
Time (s)

(©)

rectifier. (¢) Experimental result of the proposed multipulse rectifier.

Output currents and output voltages of the two three-phase diode-bridge rectifiers. (a) Simulation result of the 12-pulse rectifier. (b) Simulation result
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Fig. 14. Voltage across and current through the secondary winding of the
multiwinding IPR. (a) Simulation results. (b) Experimental results.

and experimental results in the proposed multipulse rectifier, re-
spectively. In the 12-pulse rectifier, the output voltage contains
standardized six pulses per power supply cycle, and the output
current is approximately constant under large inductive load.
However, due to the modulation effect of the dual passive har-
monic reduction methods, in the proposed multipulse rectifier,
the output current contains six six-step waves per power supply
cycle, and its step number is greater than that of the 12-pulse
rectifier; in addition, due to the effect of the single-phase diode-
bridge rectifier, the output voltage has six protuberances at the
trough per power supply cycle.

Fig. 12(a) shows the voltage across the IPR in the 12-pulse
rectifier, and Fig. 12(b) and (c) shows the simulation and ex-
perimental results of the voltage across the primary winding of
the multiwinding IPR in the proposed multipulse rectifier, re-
spectively. In the 12-pulse rectifier, the voltage across the IPR
is approximately sixfold frequency triangular wave; in fact, in
the 24-pulse rectifier using the double-tapped IPR, the voltage
across the double-tapped IPR is also sixfold frequency triangular
wave; however, due to the effect of the single-phase diode-bridge
rectifier, the voltage across the primary winding of the multi-
winding IPR contains six trapezoidal waves per power supply
cycle.

Fig. 13(a) shows the currents through the two diodes con-
nected with the double-tapped IPR in the 24-pulse rectifier,
and Fig. 13(b) and (c) shows the corresponding simulation and
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experimental results in the proposed multipulse rectifier, respec-
tively. From Fig. 13, the two diodes conduct in turn, and in the
proposed multipulse rectifier, the currents have six little hollows
per power supply cycle.

Fig. 14 shows the voltage across and current through the
secondary winding of the multiwinding IPR. Because the turn
ratio of the multiwinding IPR is about equal to 10.75, the current
through the secondary winding is very small.

In order to validate the adaptability of the proposed multipulse
rectifier, the input line currents are tested when the input voltages
and the load resistance are changed, respectively. Fig. 15(a)
shows the THD of the input line currents when the input voltage
varies from 35 Vto 95V, and Fig. 15(b) shows the THD when the
load resistance varies from 20 €2 to 50 €2. From Fig. 15(a), when
the input voltage is close to the rated value, the THD is minimal.
Therefore, the proposed multipulse rectifier is sensitive to the
variation of input voltage. However, when the input voltage
varies, the THD, as a whole, meets the requirement in most of
applications. From Fig. 15(b), the THD is less than 3.5% when
the load resistance varies. Therefore, the proposed multipulse
rectifier is insensitive to the variation of load resistance.

V. CONCLUSION

This paper proposed dual passive harmonic reduction meth-
ods to simultaneously reduce the harmonics of the input line
current and the ripple of the load voltage in the multipulse diode-
bridge rectifier. The dual passive harmonic reduction methods
are realized by a multiwinding IPR. The primary winding of the
multiwinding IPR and two diodes constitute the first method,
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and the secondary winding and a single-phase diode-bridge rec-
tifier constitute the second method. When the multiwinding IPR
is designed optimally, the load voltage contains 36 pulses with
equal width per power supply cycle, and its ripple coefficient is
about 1.88 x 107%; the input line current contains 36 steps with
equal width per power supply cycle, and its theoretical THD is
about 5.04%. Compared with other harmonic reduction methods
used in 12-pusle rectifier, the proposed methods can simultane-
ously increase the pulse number of load voltage and step number
of input line current from 12 to 36. In addition, because only the
diodes are used in the dual passive harmonic reduction methods,
the proposed 36-pulse rectifier can be realized in a simple and
easy way.
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