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Harmonic Reduction Methods at DC Side of
Parallel-Connected Multipulse Rectifiers: A Review

Qingxiao Du , Lei Gao , Quanhui Li, Taiqi Li, and Fangang Meng , Member, IEEE

Abstract—This article gives a detailed literature review of har-
monic reduction methods at the dc side of parallel-connected
multipulse rectifiers (MPRs). First, passive and active harmonic
reduction mechanisms are derived. Then, some commonly used and
novel dc-side passive, active, and hybrid harmonic reduction cir-
cuits are discussed in terms of their structures, operation principles,
and harmonic elimination performances mainly reflected on input
current total harmonic distortion (THD) values. Comparisons of
their design complexity, reliability, adaptability, and other aspects
are also considered. Finally, simulation results are presented to
verify the effectiveness of the reviewed dc-side harmonic reduction
methods. This article can provide a guideline for selecting or
designing rectifiers with reduced dc-side harmonics for specific
applications. Anticipated trends in MPRs with lower harmonic
content are also summarized.

Index Terms—Choose or design guideline, dc-side harmonic
reduction mechanism, harmonic reduction method, parallel-
connected multipulse rectifier (MPR), power quality improvement.

I. INTRODUCTION

THE multipulse rectifiers (MPRs) have properties of high
reliability, remarkable harmonic reduction effect, and good

electromagnetic compatibility so that they are widely used in
industrial fields, such as the adjustable speed drive system,
high-voltage direct current transmission, uninterruptable power
system, large capacity magnet power supply, and aircraft con-
verter system [1], [2]. In these occasions, the MPR serves as the
interface between the ac power grid and the electric equipment,
whose input and output power quality respectively determines
whether the power grid and equipment can operate normally.
Therefore, how to reduce the harmonic pollution caused by the
time-varying and nonlinear of rectifiers has become important
and meaningful research.

Generally, the harmonic reduction ability of MPRs improves
as increasing of pulse number. In order to obtain a higher
pulse number, two kinds of methods are proposed in previous
research works. One method is to increase the output phase
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number of the phase-shifting transformer [1], [3]–[5]; the other
method is combines dc-side harmonic reduction methods with
conventional MPRs [6]–[40]. The key point of the first method is
to correctly design the winding configuration of the transformer,
which has an essential impact on rectifiers’ harmonic reduc-
tion performances. For the parallel-connected MPR, the second
method is often applied to a conventional 12-pulse rectifier
with simple structure and inherent harmonic reduction ability,
which only contains two sets of three-phase bridge rectifiers
and totally eliminates the fifth and seventh harmonics. Although
dc-side harmonic reduction methods may achieve better effects
in combination with the 18-pulse rectifier, 24-pulse rectifier,
or other conventional MPRs [41]–[43], the increase of the
three-phase rectifier bridges increases the complexity and cost
of the whole rectification system. To achieve a better tradeoff
between harmonic reduction performances and other aspects,
some related research works are concentrated on a parallel-
connected 12-pulse rectifier. After using the dc-side harmonic
reduction methods, the high-content 11th and 13th harmonics
remarkably decrease to the desired level, which satisfies power
quality requirements in most industrial applications.

There are some literature reviews that concentrated on power
quality improvement methods of ac–dc converters [1], [2], [44],
[45], but since emphasis points are different, effective dc-side
passive or active harmonic reduction methods for MPRs have
not been comprehensively summarized in available reviews.
Reviews of single-phase and three-phase ac–dc converters with
improved power quality were respectively published by Prof. B.
Singh et al. [44] and [45]. Based on previous research works,
a review of multipulse ac–dc converters with improving power
quality was proposed in [1]. In [1], multipulse ac–dc converters
are categorized based on their pulse numbers, the main method
introduced for increasing pulse number of MPRs is an increasing
number of bridge rectifiers or diodes (thyristors) connected with
the output side of the phase-shifting transformer. This method
has a certain harmonic reduction ability, but complex and bulky
phase-shifting transformer is often needed to acquire more out-
put phases. With further study of MPRs, pervious passive or
active methods for pulse number increases are not identified as
an optimum choice at present; more and more research works are
focused on dc-side harmonic reduction methods based on a con-
ventional 12-pulse parallel-connected rectifier. Another review
about multipulse ac–dc converters was published in [2] that uses
three tables and very concise texts to show the classifications of
converters and harmonic reduction methods, but only 48-pulse
rectifier with the dc-side four-tapped interphase reactor (IPR)
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Fig. 1. Classifications for dc-side harmonic reduction methods of MPRs.

is presented in detailed, other simulations and comparisons
are not comprehensive. In previous literature reviews, dc-side
harmonic reduction methods are rarely mentioned. In addition,
some novel dc-side harmonic reduction methods of MPRs with
good properties proposed in recent five years [10]–[18], [24],
[25], [36], [38]–[40] are not included as well.

This review clarifies and compares some common-used and
novel passive, active, as well as hybrid dc-side harmonic reduc-
tion methods from a completely new aspect. Fig. 1 shows classi-
fications for dc-side harmonic reduction methods mentioned in
this article. Basically, the dc-side harmonic reduction methods
can be divided into two kinds, which are the passive harmonic
reduction method and the active method. Besides, some research
works combine these two methods together to form hybrid har-
monic reduction methods, thus this review introduces three kinds
of dc-side harmonic reduction methods. Passive harmonic re-
duction methods are based on passive devices and they have one
kind of realization form on each side of IPR. Features for active
harmonic reduction circuits are that they include active devices
and combine with pulse width modulation (PWM) technology.
From Fig. 1, it can be seen that the hybrid harmonic reduction
method is a combination of passive and active methods, which
contains both passive and active devices. Generally, each kind of
method has its own characteristics. Passive methods often have
simple structures but harmonic reduction ability is limited; active
harmonic reduction methods have better harmonic reduction
effects, but control and drive circuits have to be designed, and
some active harmonic reduction methods cannot increase pulse
numbers. In a dc-side hybrid harmonic reduction circuit, the ac-
tive part is used for eliminating higher harmonics, which cannot
be totally eliminated by passive harmonic reduction circuit; the
passive part also has another function to increase pulse number
so that improving dc-side output power quality. Therefore, a hy-
brid harmonic reduction method can give considerations on the
power quality of ac and dc sides. Accordingly, it is a useful work
to do a comprehensive review of typical harmonic reduction
methods, which can provide a fast search and has the potential to
provide guidelines for researchers to choose and design suitable
dc-side harmonic reduction strategies under various conditions.

In this article, passive and active harmonic reduction mecha-
nisms are analyzed based on two simple circuits in Section II.
Sections III and IV, respectively, present comparisons on MPRs
with dc-side passive, active, and hybrid harmonic reduction
methods, advantages, drawbacks, and utilization occasions are
clearly illustrated from aspects that can directly reflect their
harmonic reduction abilities, such as total harmonic distortion

Fig. 2. 24-pulse rectifier with double-tapped IPR.

Fig. 3. 12-pulse rectifier with AIPR.

(THD) values of input currents, ripple coefficients of output volt-
ages, kilovoltampere (kVA) rating of magnetic devices, power
losses on switches and complexity of control circuits. Besides,
some simulations verifications are also presented in Section IV
to do further explanations. Finally, the research status and future
trends of this topic are summarized in Section VII.

II. HARMONIC REDUCTION MECHANISM ANALYSIS

In this part, the dc-side passive and active harmonic reduction
mechanisms are given out based on two kinds of MPRs whose
basic circuits are all 12-pulse parallel-connected rectifier. The
24-pulse diode bridge rectifier with double-tapped IPR [6]–
[9], as shown in Fig. 2, is taken as an example to illustrate
the passive harmonic reduction mechanism. If using an active
interphase transformer (AIPR) to replace the IPR in passive
harmonic reduction circuits, whose secondary side is connected
with an active harmonic reduction circuit [10], a kind of active
MPRs is constructed as shown in Fig. 3. The active harmonic
reduction circuits could be a single-phase half-bridge converter,
single-phase full-bridge converter, or some other circuits that
can transfer or absorb the harmonic energy.

Fig. 4 is the winding configuration of the phase-shifting
autotransformer used in Figs. 2 and 3. In order to fulfill the
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Fig. 4. Winding configuration and phasor diagram of the autotransformer.
(a) Winding configuration. (b) Phasor diagram.

phase-shifting requirement of the MPR, the turns ratio Np:Nq

is
√
3 /(2-

√
3. Fig. 4(a) is the winding configuration of the au-

totransformer shown in Figs. 2 and 3, in which the windings Np

correspond to the three delta-connected windings in Figs. 2 and
3, the windings Nq correspond to the six extended windings in
Figs. 2 and 3. The zero-sequence blocking transformer (ZSBT)
has high impedance on triple frequency currents to ensure
normal conductions of diodes. Both IPR and AIPR all have two
main functions, they can absorb instantaneous voltage difference
of the two parallel-connected bridge rectifiers to realize their
independent operation, and the other function is to generate the
needed circulating currents that can counteract harmonics at the
ac side. Assume that the load in these two rectifiers are large
inductance load, thus the load current Id can be seen as a constant
value. The detailed theoretical derivation is presented as follows.

A. Passive Harmonic Reduction Mechanism Analysis

Assume that input phase voltages of the autotransformer are⎧⎪⎨
⎪⎩

ua =
√
2Um sinωt

ub =
√
2Um sin(ωt− 120◦)

uc =
√
2Um sin(ωt+ 120◦)

(1)

where Um is the rms value of the input phase voltage.
Based on the modulation theory, the output voltages of the

two bridge rectifiers (REC I and REC II) are{
ud1 = Sa1ua1 + Sb1ub1 + Sc1uc1

ud2 = Sa2ua2 + Sb2ub2 + Sc2uc2
(2)

where ua1, ub1, uc1, ua2, ub2, and uc2 are the output phase
voltages of the autotransformer, and Sa1, Sb1, Sc1, Sa2, Sb2, and
Sc2 are the switching functions of each phase.

Relations between each phase current and output currents of
the two bridge rectifiers are⎡

⎣ ia1
ib1
ic1

⎤
⎦ =

⎡
⎣ Sa1

Sb1

Sc1

⎤
⎦ id1

⎡
⎣ ia2
ib2
ic2

⎤
⎦ =

⎡
⎣ Sa2

Sb2

Sc2

⎤
⎦ id2. (3)

Sa1 can be presented as follows, and the other functions can be
derived out based on the conduction mechanism of each diode:

Sa1 =
1

2
[sgn(ua1 − uc1)− sgn(ub1 − ua1)]. (4)

Taking phase “a” as an example, based on Fig. 4 and the
principle of Ampere-turns balance, the input current ia can be

expressed as

ia = ia1 + ia2 +
2−√

3√
3

(ic2 − ib2 + ib1 − ic1) (5)

where ia1, ib1, ic1, ia2, ib2, and ic2 are output phase currents of
the autotransformer.

In the conventional 12-pulse rectifier, the output current of
REC I and REC II is id1 = id2 = 0.5Id. In combination with
(3)–(5), the Fourier expansion of “a” phase input current ia-12
of the 12-pulse rectifier is

ia−12 =
6
√
2− 2

√
6

π
Id

[
sinωt−

∞∑
k=1

sin(12k ± 1)ωt

12k ± 1

]
(6)

where k is a positive integer.
The dashed portion in Fig. 2 shows the configuration of the

double-tapped IPR. O is the mid-point of P and Q, the turns
number of PO and OQ are defined as NPO and NOQ, the overall
turns number of IPR is Nall. According to the voltage relations
of ud1 and ud2, there are two operation modes of IPR.

The terminal voltage of IPR um is equal to the voltage differ-
ence of ud1 and ud2.

When um < 0 (ud1 < ud2), diode Dp is forward-biased and
turned on, this operation mode is marked as Mode P. Based on
the principle of Ampere-turns balance, Kirchhoff’s current law
(KCL) and Kirchhoff’s voltage law, the following relations can
be obtained:{

(0.5− αm)id1 = (0.5 + αm)id2
ud = ud1 − (0.5− αm)(ud1 − ud2)

(7)

where the turns ratio αm is defined as the ratio of NPO or NOQ

to Nall.
Mode Q occurs on occasions when um<0 (ud1<ud2), the

diode Dq is turned ON. Under operation Mode Q, the current
and voltage relations are presented as follows:{

(0.5 + αm)id1 = (0.5− αm)id2

ud = ud1 − (0.5 + αm)(ud1 − ud2).
(8)

From (7) and (8), after using the double-tapped IPR, id1, id2,
and ud are all consisted of two parts, the first part is the same as
that values in the conventional 12-pulse rectifier, and the second
part is associated with the circulating current generated in IPR⎧⎪⎨

⎪⎩
id1 = 0.5Id + im

id2 = 0.5Id − im

ud = 0.5(ud1 + ud2) + udα.

(9)

In (9), the circulating current im can be presented as (Sp-
Sq)αmId, similarly udα is (Sp-Sq)αm(ud1-ud2). Sp and Sq
respectively correspond to switching functions of diode Dp

and Dq.
The expression of im in the ac side can be obtained based on

the KCL, take phase “a” as an example, the influence of im on
phase ‘a’ can be expressed as:

iam = Sa1im − Sa2im

+
2−√

3√
3

(Sb2im − Sc2im + Sb1im − Sc1im). (10)
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And, the Fourier expansion of iam is

iam =
4
√
6(
√
3− 1)αmId
π

×
{(√

6−
√
2− 1

)[
sinωt+

∞∑
k=1

sin(24k ± 1)ωt

24k ± 1

]

+(
√
6−

√
2 + 1)

[ ∞∑
k=1

sin(24k − 12± 1)ωt

24k − 12± 1

]}
.

(11)

Combining (6) with (11), in the 24-pulse rectifier with double-
tapped IPR, the input current of phase “a” is:

ia−24 =
4
√
6(
√
3− 1)Id
π

×
{[

1

2
+ (

√
6−

√
2− 1)αm

][
sinωt+

∞∑
k=1

sin(24k ± 1)ωt

24k ± 1

]

+

[
(
√
6−

√
2 + 1)αm − 1

2

] [ ∞∑
k=1

sin(24k − 12± 1)ωt

24k − 12± 1

]}
.

(12)

The THD value of ia-24 can be expressed by

THDia−24

=

√
[1 + 2αm(−

√
6− 1 +

√
2)]2

∑∞
k=1 (

1
24k−12±1 )

2

[1 + 2αm(
√
6− 1−√

2)]2
∑∞

k=1 (
1

24k±1 )
2

1 + αm(2
√
6− 2− 2

√
2)

.

(13)

From (13), it is obvious that the turns ratio αm is associated
with the harmonic reduction ability; by doing derivation oper-
ation on (13), it can be determined that the optimum value of
αm is 1/2(

√
6−√

2 + 1, and the minimum THD value is about
7.6%.

When substitutingαm into (12), that equation can be rewritten
as

ia−24 =
16
√
3(2−√

3)

π(
√
6−√

2+1)
Id

[
sin(ωt) +

∞∑
k=1

sin(24k ± 1)ωt

24k ± 1

]
.

(14)
From (14), the (12k ± 1)th (k is an odd number) harmonics

can be completely suppressed. For the 24-pulse rectifiers, only
(24k ± 1)th (k is a positive integer) harmonics contain in their
input currents. Extend this conclusion to an N-pulse rectifier, the
harmonic orders in the input current of an N-pulse rectifier are
(Nk ± 1)th (k is a positive integer). In reality, the harmonic con-
tent decreases as the harmonic order increases so that increase of
pulse number has impact on harmonic reduction to some extent.

Compared (6) with (11), the harmonic elimination effect of
iam can be found. When αm takes 1/2(

√
6−√

2 + 1), the (12k
± 1)th (k is an odd number) harmonics in iam has the same
amplitude of their corresponding harmonic components in ia-12,
but they are opposite in phase. Thus, these order harmonics are
disappeared in ia-24. However, in a specific rectification system,

the optimum value of αm is constant, which makes a passive
harmonic reduction circuit only has limited harmonic reduc-
tion ability. Compared to the conventional 12-pulse rectifier,
although the input current THD of the 24-pulse rectifier has
been reduced from 15.2% to 7.6%, it still has (12k ± 1)th (k
is an even number) harmonics. It is necessary to use an active
harmonic reduction method to do further harmonic reduction.

This part is mainly focused on the influence of the ac-side
input current, so the related content of dc-side voltage is only
a brief description. Defining the load voltage ripple coefficient
satisfies

K =
(udmax − udmin)

2udav
(15)

where udmax, udmin, and udav are the maximum value, minimum
value, and average value of the load voltage respectively.

From (7)–(9), the circulating currents generated by the al-
ternative conduction of diodes (Dp and Dq) in two taps can
produce additional voltages on the load to reduce its ripple
coefficient, which can be verified by theoretical calculations
through (15). In the 24-pulse rectifier, the load voltage ripple
coefficient K reduces from 1.720 × 10−2 in the conventional
12-pulse rectifier to 4.096 × 10−3 under the optimum design.
It is worth noting that the optimum turns ratio αm takes the
same value from perspectives of input current THD or voltage
coefficient minimization.

B. Active Harmonic Reduction Mechanism Analysis

After using the active harmonic reduction circuit at the sec-
ondary side of AIPR, the circuiting current flowing through the
primary side of AIPR can indirectly modulate the input current
to a standard sine wave by shaping the output currents id1 and id2
of the two three-phase diode bridges. In general, the control of
the circuiting current often reflects on the control of the current
is which flows into the active harmonic reduction circuit so that
it is a key point to determine the shape of is when ia is a pure
sine wave.

Based on Fig. 3 and the principle of Ampere-turns balance,
the current relations between both sides of AIPR can be obtained

(id1 − id2)NP = isNs (16)

where Np is half the turns number of the primary side winding of
AIPR, and Ns is the turns number of the secondary-side winding
of AIPR.

In combination with id1+id2=Id, expressions of id1 and id2
are {

id1 = 0.5(Id + Ns

Np
is)

id2 = 0.5(Id − Ns

Np
is).

(17)

Substitute (3) and (17) into (5), the current is can be deter-
mined

is=
ia−0.5Id(Sa1 + Sa2)− 2−√

3√
3
0.5Id(Sb1−Sb2−Sc1+Sc2)

0.5NS

NP
(Sa1−Sa2)+

2−√
3√

3
0.5NS

NP
(Sb1+Sb2−Sc1−Sc2)

.

(18)
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Fig. 5. 24-pulse rectifier with a single-phase full-wave rectifier.

Assume that ia is a pure sine wave, it can be written as ia =√
2Ia sin(ωt), quantitative relations between Ia and Id can be

obtained based on power conservation equation UaIa = UdId,
and in this equation, Ua and Ud have typical relations for a
specific topology. Therefore, the shape of is/Id can be draw out,
it could be a triangle wave with six times of grid frequency.
Through effective control and suitable turns ratio design of
AIPR, the needed is can be obtained to realize low harmonic
input current. Some relative examples are shown in Part Ⅳ.

From Fig. 3, it is obvious that the load voltage is still equal to
0.5(ud1+ud2), which is the same as the conventional 12-pulse
rectifier, so this method cannot increase pulse number and with-
out functions for output voltage ripple reduction.

III. DC-SIDE PASSIVE HARMONIC REDUCTION METHODS

One of the typical features of passive harmonic reduction
methods is that they are all consisted of passive devices, so
passive harmonic reduction methods do not need any additional
control or drive circuits. Based on the number of the passive
circuits, this method can be divided into the single passive
harmonic reduction method and the dual passive harmonic re-
duction method.

A. MPRs With Single Passive Harmonic Reduction Circuit

In this method, the harmonic reduction circuits are often
connected to the secondary side of IPR. In general, the pas-
sive auxiliary circuit is a single-phase full-wave rectifier (see
Fig. 5) [6] or a single-phase diode-bridge rectifier (see Fig. 6)
[7]–[9], whose harmonic reduction mechanism is similar to the
method based on multitapped IPRs. The alternative conduction
of the diodes in the auxiliary circuit can generate circulating
currents to modulate input currents of the rectification system
and superimpose additional voltages on the original dc-side load
voltage.

All rectifiers showed in Figs. 2, 5, and 6 are 24-pulse rectifiers;
there are 24 steps in their input currents and 24 pulses in the load
voltage waveforms. The theoretical THD of 24-pulse rectifiers
is around 7.5%, and the THD values in experiments could be
slightly lower than theoretical calculations. This is due to that
the leakage inductances in the phase-shifting transformer and
other magnetic devices, with a certain filtering effect, cannot be
ignored in experiments. For the rectifier with double-tapped IPR,
there are no zero intervals in the output currents (id1 and id2) of
the three-phase bridge rectifiers, which may cause commutation
overlap. The communication overlap angle could be effectively
reduced after using the topologies shown in this section, which

Fig. 6. 24-pulse rectifier with a single-phase diode-bridge rectifier. (a) 24-
pulse rectifier with a star-connected autotransformer. (b) 24-pulse rectifier with
a zigzag autotransformer.

can add a zero-interval to id1 and id2. In addition, the auxiliary
circuit is installed to cross the load, which provides a feedback
loop of the power consumed by the load and, thus, reduce the
total power consumption.

In rectification systems, transformers as a kind of high-
capacity magnetic device often have an essential influence on
the total kVA rating of magnetic devices. Although rectifiers
based on isolated transformers have inherent ability to prevent
zero-sequence components and avoid using ZSBT, transformer’s
kVA rating is quite higher, which could be over than load
power in most cases. However, the kVA rating of some kinds of
autotransformers is lower than isolated transformers, such as the
delta-connected (see Fig. 5), the star-connected [see Fig. 6(a)],
and the zigzag configured [see Fig. 6(b)] autotransformers only
take around 26%–29% of the load power. Although delta or
star-connected autotransformers need to be cooperatively used
with ZSBT or other devices to prevent zero-sequence compo-
nents, the kVA rating of ZSBT is only about 10% of the load
power. Therefore, in comparison with the isolated transformer,
the use of autotransformers can highly reduce the volume, total
cost, and power losses of the system to provide the same load
power. The 24-pulse rectifier shown in Fig. 6(b) contains a
zigzag configured transformer that can expel ZSBT, thus further
reducing the total kVA rating of the magnetic devices. In some
cases where electric isolation is not required, autotransformers
are economical choices to improve power density.

If only one passive harmonic reduction circuit is used at the
dc side of a parallel-connected 12-pulse rectifier, only 24-pulse
rectifiers can be formed, but this method is easy to combine with
other passive or active methods for better performances.

B. MPRs With Dual Passive Harmonic Reduction Circuits

A dual passive harmonic reduction method is a combination of
the above-mentioned single passive harmonic reduction meth-
ods. In general, the primary side of the IPR installs two taps, and
the single-phase full-wave rectifier or single-phase diode-bridge
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Fig. 7. 36-pulse rectifier with double-tapped IPR and single-phase full-wave
rectifier.

Fig. 8. 36-pulse rectifier with double-tapped IPR and single-phase diode-
bridge rectifier.

rectifier is installed at the secondary side of the IPR, which can
work together to increase the pulse number of the MPR.

Figs. 7 and 8 are two kinds of 36-pulse rectifiers with dual
passive harmonic reduction circuits at the dc side [15]–[18].
Their IPRs have two taps in the primary side and a secondary
side winding that are connected with a single-phase full-wave
rectifier, as shown in Fig. 7, and a single-phase diode-bridge
rectifier in Fig. 8. Based on voltage relations between IPR and
load, there are six operation modes under normal conditions to
generate an input current with 36 steps, and the output voltage
has 36 pulses. If the circuit connected to the secondary side of
IPR is failed, the rectifier can operate in a 24-pulse rectification
state, which increases the robustness of the whole rectification
system. One of the key points in this design is to determine the
tap ratio and turns ratio of the IPR, which can be calculated from
the perspective of minimizing the THD of the input line current.
Under the optimum design, the theoretical THD value of the
input current is around 5%, which may have a slight fluctuation in
reality due to leakage inductance variations in magnetic devices.
Some experiments are carried out to verify the adaptability of
the rectifiers, the results indicate that the THD value only has
small fluctuations under resistive load variations, which fulfills
power quality requirements in most applications.

Although the kVA rating of the multiwinding IPR is slightly
higher than the single winding IPR, it is still at a low level,
accounting for only about 3% of the load power. The kVA
rating of the phase-shifting transformer is roughly the same as
described in Section III-A. Besides, only uncontrolled devices
are used in these rectifiers, the operation modes of the auxiliary
circuits are dependent on their own circuit features. Therefore,
this harmonic reduction method is easy to realize and the cost is
quite low.

As mentioned before, dual passive harmonic reduction meth-
ods provide a useful way to improve power quality both on ac

Fig. 9. MPR with controllable tap changer. (a) 36-pulse rectifier with three-
tapped IPR. (b) 48-pulse rectifier with four-tapped IPR. (c) MPR with n-tapped
IPR.

and dc sides, whose structures are simple and easy to realize.
Their implementation only depends on the reconstruction of
dc-side modulation circuits in a conventional MPR, without
increasing the design complexity of phase-shifting transformers.
However, power quality can further be improved by active or
hybrid harmonic reduction methods.

IV. DC-SIDE ACTIVE HARMONIC REDUCTION METHODS

Although passive harmonic reduction methods can eliminate
some typical order harmonics, some higher order harmonics
still exist. In order to obtain a standard sinusoidal input cur-
rent without harmonic pollutions, the dc-side active harmonic
reduction circuits are designed. Based on current relationships
between ac and dc links, active harmonic reduction circuits
can generate the needed current to modulate the output current
of the bridge rectifiers; these output currents can be changed
into the form of zero harmonic conditions. According to the
modulation characteristics of the active auxiliary circuits, it can
be divided into three kinds, the first one is rectifiers based on
tap-changer technology, the other two are separate modulation
methods and uniform modulation methods. This section still
takes the parallel-connected rectifier as a research object to study
some typical dc-side active harmonic reduction methods.

A. MPRs Based on Tap-Changer Technology

Replacing the conventional IPR by a double-tapped IPR is an
effective way to improve the harmonic reduction performance of
the MPR, as shown in Fig. 2. In order to continuously improve
the harmonic reduction ability of the MPR, the controllable
tap-changer has been proposed to multiply the pulse number
[19]–[21].

The topology shown in Fig. 9(a) is a 36-pulse rectifier; the
three-tapped IPR are connected with three thyristors, control
and drive circuits are needed to control the turn-ON and turn-OFF

states of these three switches. Finally, the circulating currents can
be formed to eliminate some lower order harmonics and the THD
value of the 36-pulse rectifier is about 5.09%. Fig. 9(b) presents
the 48-pulse rectifier with a four-tapped IPR, whose theoretical
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Fig. 10. 12-pulse rectifier with dc-side IGBT modulation circuits.

Fig. 11. 12-pulse rectifier with dc-side boost converters.

Fig. 12. 12-pulse rectifier with dc-side PWM modulation circuits.

THD is reduced to 3.08%. This method can be extended to a
general topology with an n-tapped (n ≥ 3) IPR, as shown in
Fig. 9(c), whose pulse number can be successfully improved to
12n as the tap number increases, but the complexity of the control
system is correspondingly increased, resulting in higher cost
and lower reliability. Moreover, the harmonic reduction ability
cannot be maintained in an obviously improved state, that is,
the reducing rate of the THD value declines as the increases
of the tap number. This is due to that the circulating current
produced by this method increases the higher order harmonic
content while eliminating lower order harmonics. In this method,
the switches on the taps are connected in series with the load; as
a result, the conduction losses are quite high.

B. 12-Pulse Rectifiers With DC-Side Separate
Modulation Circuits

The dc-side separate modulation method of the multipulse
rectification system realizes modulations on the output current
of the bridge rectifiers by separately installing an auxiliary
circuit on the output side of each rectifier bridge, thereby ef-
fectively suppress the input current harmonics of the ac side.
Figs. 10–15 depict some rectifiers with different active harmonic
reduction methods, and all of them do not require IPRs.

Fig. 10 is an isolated 12-pulse rectifier with the dc-side IGBT
modulation circuit, whose current control method is the hystere-
sis control method [22]. The output currents of the two sets of
rectifier bridges are modulated by the turn-on and turn-off of

Fig. 13. 12-pulse rectifier with dc-side single-phase inverters.

Fig. 14. 12-pulse rectifier with dc-side full-bridge converters.

Fig. 15. 12-pulse rectifier with dc-side LSTATCOM circuits.

the IGBT. When the IGBT is turned OFF, current flows through
the snubber circuit which is connected in parallel with IGBT.
If the modulated output currents of the bridge rectifiers are
triangle waves with six times of the grid frequency, the input
currents are sine waves, and the THD value is lower than 1%
under resistive, small inductive or capacitive load conditions.
This circuit has advantages of remarkable harmonic reduction
capability, simple structure, convenient control circuit, and good
dynamic characteristics. However, the IGBT is connected in
series with the main circuit, which increases the switching
losses and, thus, limits its applications in high-power industrial
occasions.

Fig. 11 presents a 12-pulse rectifier system with dc-side boost
circuits [23]–[25]. In this rectifier, the boost circuits are operat-
ing under the current continuous mode by properly controlling
the currents flowing through the inductors, an approximately
sinusoidal input current can be obtained, and the input current
THD can be controlled to around 3%. Besides, this circuit
has modulation effects on the dc-side output voltage, and the
inherent voltage rise characteristic of the Boost converter makes
it suitable for high-voltage occasions. Although the IPR can be
omitted, two sets of boost circuits directly connected to the main
circuit increases power losses when the load current is high.
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In Fig. 12, the PWM converters are connected at the dc side
and controlled by the hysteresis current control method with fast
dynamic response [26]. Through reliable control of auxiliary
PWM converters, output currents of three-phase rectifiers are
critical continuous triangular waves, and then an approximate
sinusoidal input current can be obtained based on the current
relationship of both sides. In the PWM modulation circuit,
switching devices only deal with the ripple voltages, thus the
voltage across it is about 10% of the load voltage, the power level
of the circuit is quite low, low-power IGBT or MOSFET can satisfy
the conditions. Besides, the balanced reactor is omitted, which is
beneficial to increase the power density of the system. However,
the switching device is directly connected in series with the main
circuit, the current is high and the loss is large, which limits
utilization in high current and high power occasions.

The following three methods, as shown in Figs. 13–15, all use
transformers to connect the main circuit and the active harmonic
reduction circuits.

The active harmonic reduction circuits in Fig. 13 are two sets
of the single-phase voltage source inverter, which are coupled
outside the load current loop by small-capacity single-phase
transformers [27]. By properly designing the turns ratio of the
single-phase transformer, the current level of the auxiliary circuit
can be effectively reduced. Therefore, the problem of large
switching losses in the PWM converter directly connected in
series with the main circuit can be avoided (see Fig. 12). If the
inverter is controlled to generate a specific ac auxiliary voltage,
the voltage waveforms on output-side inductors of the two sets
rectifier bridges can be changed accordingly so that the output
currents of the rectifier bridges can achieve the required current
value, and finally, the suppression of the grid side harmonics is
realized. This method has advantages of good harmonic reduc-
tion effect, low auxiliary circuit power level, and low switching
losses, which is suitable for middle- or high-power occasions,
but it has two additional inverters and transformers, which needs
complex control circuit to obtain high-precision ac-side current
phase and amplitude of inverters.

Just like Fig. 11, the circuit presented in Fig. 14 also has
power factor correction (PFC) function [28]. Two sets of dc-side
full-bridge dc/dc converters are connected in parallel, and they
are isolated from the main circuit through isolated transformers.
This topology can also provide galvanic isolation for ac and
dc sides. If the currents flowing through the inductors fulfill
some typical conditions, the output currents of bridge rectifiers
are modulated to obtain a sinusoidal input current waveform.
But this circuit structure is complex and utilization of so many
switches can bring more power losses, so it has limitations in
high power applications.

Fig. 15 proposes a 12-pulse rectifier with a load-side compen-
sator (LSTATCOM) [29], [30], which provides compensation
currents for the main circuit transmitted by IPRs to eliminate
current harmonics. The controller of LSTATCOM can make
real-time detection on output voltages of bridge rectifiers and
load currents, so this circuit keeps in good harmonic reduction
performances when load power varies from 10% to 110% of load
power. Besides, this circuit can compensate grid-side voltage
fluctuations or unbalance problems. However, this structure

Fig. 16. 12-pulse rectifier with dc-side isolated PWM converter.

Fig. 17. 6-pulse rectifier with dc-side nonisolated PWM converter.

has so many controls, which is hard to realize in practical
occasions.

C. MPRs With DC-Side Unified Modulation Circuits

This section introduces some rectifiers based on dc-side uni-
fied modulations, which all need an IPR to provide a common
conduction path for modulation currents, input currents are close
to sine waves after modulations.

Fig. 16 is a 12-pulse rectifier with a dc-side PWM converter
[31] and it is an example of a general mechanism derivation
circuit shown in Fig. 3; they have similar circuit configurations
and realization forms. It is indicated that, under reasonable
control of the PWM converter, this rectifier can present out good
harmonic reduction performances, whose ac-side THDi reduces
to 1% under large inductive load conditions. In this delta-wye
connected transformer, a set of secondary-side windings is di-
rectly connected to the delta-connected windings on the primary
side, although it cannot provide entire electric isolation between
both sides, the kVA rating of this transformer can be effectively
reduced compared to a full isolated transformer. Besides, the
PWM converter takes around 3% of load power, so its harmonic
reduction cost is quite low, and this method has been widely
used in many kinds of main circuits[32]–[35].

Fig. 17 presents a novel structure that can avoid using the
secondary side of AIPR [36], so the PWM converter is directly
connected with its primary side to reduce the total kVA rating
of magnetic devices. It has comparable harmonic elimination
mechanisms and effects as the PWM converter connected to the
secondary side of AIPR, so its control and drive circuits are also
easy to be designed. However, when the dc-side harmonic reduc-
tion circuit is out of work, this rectifier could only operate under
a 6-pulse rectification state with extremely declined harmonic
reduction ability. Therefore, this method can be combined with
12-pulse rectifiers to acquire better power quality.

Fig. 18(a) is a 12-pulse rectifier with a dc-side single-phase
boost PFC circuit that contains a single-phase diode bridge
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Fig. 18. 12-pulse rectifiers with dc-side single-phase boost PFC scheme.
(a) Method with one controllable stage. (b) Method with two controllable stages.

rectifier and a boost converter [37], [38]. This active harmonic
reduction method only has a single-stage controllable circuit
with advantages of simple structure, easy control, and fast dy-
namic response so that it can timely modulate operation states
of IGBT to obtain needed current is under a certain range of
circuit parameter variations. However, this PFC circuit only has
a function to do current modulations but without any voltage
controls due to that its output side is connected in parallel with
the load and load voltage is constant, and its front stage is a
diode bridge rectifier which has fixed voltage relations between
ac and dc sides.

In high-power occasions, if PWM converters are connected in
parallel with the load, switches may suffer from high voltage or
high current, which increases difficulties in device selection. Be-
sides, large variations of input voltage or load current may cause
control distortions of is. In order to deal with these problems
and ensure harmonic reduction performances, a kind of dc-side
active harmonic reduction method with two-stage controllable
circuits has been proposed, as shown in Fig. 18(b) [39]; a
single-phase diode bridge rectifier in Fig. 18(a) is replaced by
a PWM converter here so that it has its own current regulation
effects, and then boost converter in Fig. 18(b) can be used for
doing voltage regulation. Therefore, the output voltage of the
PWM converter can be kept in a reasonable range under large
variations of input voltage or load current, and current is remains
inconsistent with the reference wave. This rectifier also has high
robustness for power levels from 1 to 500 kW. Another advantage
is that both structures in Fig. 18 provide a feedback path for
power absorbed by dc-side harmonic reduction circuit to reach
loads, which improves the system’s power conversion efficiency.

D. Property Evaluations on Separate and Unified
Modulation Circuits

In above-mentioned dc-side active harmonic reduction cir-
cuits, the current modulation method of each circuit and their
own general properties have been described. In order to present
a clearer guideline to users for making an informed choice, this
section gives comprehensive property evaluations on separate
and unified modulation circuits.

1) Comparisons of Harmonic Reduction Performances: The
harmonic reduction mechanism of MPRs with dc-side active

TABLE I
THD VALUES OF INPUT CURRENTS FOR MPRs WITH DIFFERENT DC-SIDE

ACTIVE HARMONIC REDUCTION METHODS

harmonic reduction methods shown in Figs. 10–18 is to mod-
ulate output currents of main rectification circuits into needed
shapes that can make ac-side three-phase input currents close
to sinusoidal waves. Therefore, the goal of the PWM control
is to achieve pure sinusoidal input current waves. However, in
reality, there are inevitably minor differences in THD values
of input currents, which can be influenced by specific circuit
structures, such as harmonic reduction circuits, control circuits,
and phase-shifting transformers. Besides, some external factors,
such as measurement equipment and experimental surroundings,
also have impacts on experimental results. Compared with con-
ventional MPRs without dc-side harmonic reduction circuit, all
topologies shown in Figs. 10–18 have considerable harmonic
reduction ability, which can reduce input currents THD values
into a relatively low level. In [22]–[25], [27], [28], and [31]–[39],
authors clearly indicate THD values to clarify the effectiveness
of the proposed active harmonic reduction method, some articles
like [26], [29], and [30] only present near sine input current
waveforms but without THD values. Their specific THD values
are shown in Table I.

2) Comparisons of Structures, Switching Losses, and Control
Circuits: Table II gives comparisons of structures, switching
losses, control circuits, and suitable occasions for active har-
monic reduction methods shown in Figs. 10–18.

If only takes the dc-side active harmonic reduction circuit
(AHRC) into consideration and ignores the main circuit dif-
ferences, structure and switching losses comparisons of each
kind dc-side active harmonic reduction circuits are given in
Table II. When the same power is transmitted through MPRs,
in addition to the total number of switches, the switching losses
mainly depend on the connection relationship between the main
circuit and circuit part that contains switches in the dc-side
AHRC. If the switches are directly connected in series with
the main circuit, the output currents of the two three-phase
bridge rectifiers totally flow through the switches, which may
largely increase total switching losses under several kilohertz
PWM switching frequency. If the circuit part which contains
switches is isolated from the main circuit through single-phase
transformers, the current flowing through the harmonic reduc-
tion circuit can be reduced to a quite low level by the reasonable
design of turns ratio in single-phase transformers so that the
switching losses level is reduced accordingly. Consequently, the
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TABLE II
STRUCTURE, SWITCHING LOSSES, AND CONTROL CIRCUITS COMPARISONS FOR DIFFERENT DC-SIDE ACTIVE HARMONIC REDUCTION CIRCUITS

connection relationship between the main circuit and the AHRC
has an influence on the power level of MPRs in applications.

In addition to the ac-side power quality and switching losses,
comparison of control circuits is another key point to evaluate
overall properties for harmonic reduction circuits. The com-
plexity of the control circuit is associated with the number of
switches, the number of control variables, and required control
accuracy. The power quality of the MPR is in proportion to the
reliability of the control circuit, for AHRC with the complex
control circuit, although it may have good harmonic reduction
ability and load adaptability, in theory, some problems may arise
in real utilization. Therefore, it is an essential work to choose
suitable and reliable control design based on a practical use for
maintaining good harmonic reduction ability of AHRC.

3) Overall Evaluations: Table III lists the overall advantages
and disadvantages of AHRC shown in Figs. 10–18, which has
the potential to become a useful guideline for designers who
concentrated on AHRC research.

V. DC-SIDE HYBRID HARMONIC REDUCTION METHODS

As described in theoretical analysis, passive and active meth-
ods have their own advantages and drawbacks; in order to give
considerations on both sides’ power quality, hybrid harmonic
reduction methods consisted of active and passive harmonic
reduction circuits are proposed.

Fig. 19. 48-pulse rectifier with three-tapped IPR and single-phase diode-
bridge rectifier.

Based on the dc-side harmonic reduction circuit shown in
Fig. 8, the rectifier presented in Fig. 19 increases one tap at
the primary side of the IPR; the secondary side of IPR also
connects to a single-phase diode-bridge rectifier [40]. Since the
primary side of IPR has three taps, controllable devices and
their corresponding control circuits are needed. Although this
rectification system has increased complexity, it obtains con-
siderable harmonic reduction effects. This rectifier can operate
under a 48-pulse rectification state with a reasonable conduction
time sequence of switches Q1, Q2 and other power devices,
whose theoretical THDi reduces to around 3.81%. Besides, this
48-pulse rectifier has a quite low kVA rating for IPR which is
2.56%UdId.

Actually, this hybrid harmonic reduction method provides a
new solution to deal with power quality issues on both ac and
dc sides. If we combine one kind of suitable passive and active
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TABLE III
OVERALL EVALUATIONS FOR DIFFERENT DC-SIDE ACTIVE HARMONIC REDUCTION CIRCUITS

Fig. 20. 12-pulse rectifier with double-tapped IPR and PWM converter.

methods at each side of IPR to construct a novel rectifier, it will
have better power qualities on both ac and dc sides.

For example, the harmonic reduction circuit shown in Fig. 20
is a combination of passive and active harmonic reduction cir-
cuits respectively shown in Figs. 2 and 18, so it has advantages of
these two methods. The active part is used to deal with harmonics
that cannot be totally eliminated by a passive harmonic reduction
circuit so that the current waveform provided by the active circuit
can be designed. Its input current is close to a sine wave under
suitable control of current is, and the pulse number of load
voltage can be doubled compared to its basic circuit.

VI. VERIFICATIONS

In this section, some simulations are carried out based on
MATLAB/Simulink to do verifications on performances of some
useful and simple dc-side harmonic reduction methods, then
doing general comparisons of them. The rms value of three-
phase input voltages in simulations is 220 V at the frequency
of 50 Hz, and simulation results in Section VI-A are obtained

under a resistive load with a resistance of 30 Ω, while load in
Sections VI-B and VI-C is an R–L load (30 Ω, 100 mH).

A. Simulations of Passive Harmonic Reduction Methods

First, the basic model of the parallel-connected 12-pulse recti-
fier without any harmonic reduction circuit is established. Then
the passive harmonic reduction methods presented in Figs. 2,
6(a), 7, and 8 are simulated. Table IV presents some of the main
parameters that can indicate their power qualities, such as the
THD values of the input current ia, power factor (PF), and ripple
factor (RF) of the load voltage udc. Figs. 21 and 22 are the input
current waveforms, spectrums, and the load voltage waveforms
of the rectifiers with 24 pulses [see Fig. 6(a)] and 36 pulses (see
Fig. 8).

For uncontrolled rectifiers with a passive harmonic reduc-
tion method, the following conclusions can be observed from
Table IV and Figs. 21 and 22.

1) The input current and output voltage of the N-pulse (N is a
positive integer) rectifier, respectively, has an N-step and
N-pulse per power supply cycle.

2) The input current of the N-pulse rectifier mainly contains
the (Nk ± 1)th (k is a positive integer) harmonics, and the
other order harmonics are declined to a quite low level.

3) The THD value decreases as the increase of the pulse
number, and the specific harmonic reduction circuit or
transformer type only has a slight impact on THD vari-
ations under the same pulse number.

4) The PFs are near to the unit in all simulations, which may
have small fluctuations in the experiment.

5) The RF of the load voltage also presents a downward trend
with of pulse number, whose value is reduced to about 2.3
× 10−3 for the 36-pulse rectifier.
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TABLE IV
POWER QUALITY PARAMETERS OF MPRS WITH DC-SIDE PASSIVE HARMONIC REDUCTION METHODS

Fig. 21. Input current, spectrum, and load voltage of the 24-pulse rectifier shown in Fig. 6(a). (a) Input current ia-24. (b) Spectrum of ia-24. (c) Load voltage
ud-24.

Fig. 22. Input current, spectrum, and load voltage of the 36-pulse rectifier shown in Fig. 8. (a) Input current ia-36. (b) Spectrum of ia-36. (c) Load voltage ud-36.

TABLE V
POWER QUALITY PARAMETERS OF MPRs WITH DC-SIDE ACTIVE HARMONIC REDUCTION METHODS

B. Simulations of Active Harmonic Reduction Methods

In this section, the performances of rectifiers presented in
Figs. 11 and 16–18 are verified by simulations under conditions
of large inductive load. For active harmonic reduction methods,
their ac-side power qualities and contents of each order har-
monics are not directly related to pulse numbers. So, this part
turns to do comparisons of structures and kVA rating of main

magnetic devices (see Table V). In Table V, some parameters are
summarized from its original literature; the kVA rating keeps in
constant relations with load power for a specific structure, but
the THD value might have a fluctuation with variations of load
inductance. Figs. 23 and 24 are simulation results of rectifiers
shown in Figs. 16 and 17; their load conditions are an R–L load
of 30 Ω, 100 mH.
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Fig. 23. Input current, spectrum, and load voltage of the 6-pulse rectifier shown in Fig. 17. (a) Input current ia-6. (b) Spectrum of ia-6. (c) Load voltage ud-6.

Fig. 24. Input current, spectrum, and load voltage of the 12-pulse rectifier shown in Fig. 16. (a) Input current ia-12. (b) Spectrum of ia-12. (c) Load voltage ud-12.

Fig. 25. Input current, spectrum and load voltage of the 12-pulse rectifier shown in Fig. 20. (a) Input current ia. (b) Spectrum of ia. (c) Load voltage ud.

From simulation results, some features of active harmonic
reduction circuits can be concluded.

1) Although the pulse number of rectifiers in Figs. 11, 16, and
18(a) is 12, THDi is reduced to less than 3% in simulations,
which is much lower than 12-pulse passive rectifiers. The
rectifier in Fig. 17 has six pulses but it can also obtain a
better input current with THD of 3.92%. They all have
considerable harmonic reduction ability.

2) The kVA rating of the PWM converter shown in Fig. 17 is
about 9.31%UdId; an extra power of 4.65%UdId will be
added to IPR when using both sides IPR under the same
load power. So, this method is helpful for the kVA rating
decline of magnetic devices. Other unified modulation
circuits could also be directly connected at the primary
side of AIPR to reduce its cost and volume.

3) For rectifiers with the same pulse number, compared to
autotransformers, isolated phase-shifting transformers of-
ten need more kVA rating to achieve the same output
load power, so autotransformers may be better choices
for occasions that do not need isolation on both sides.

C. Simulations of Hybrid Harmonic Reduction Method

Fig. 25 is the simulation results of the 12-pulse rectifier with
the dc-side hybrid harmonic reduction method shown in Fig. 20.

Fig. 25(a) is the input current ia, (b) is the spectrum of ia, and
(c) is the load voltage ud.

Compared with Fig. 23, although input current THD has
a slight fluctuation after adding the passive harmonic reduc-
tion circuit, it still at a lower level. The pulse number of
the output voltage increases from 6 to 12 so that the passive
harmonic reduction circuit has a function for pulse number
increasing. If this kind of hybrid harmonic reduction circuit is
used in a 12-pulse basic rectifier, better power quality can be
achieved.

VII. CONCLUSION AND FUTURE TRENDS

Harmonic reduction mechanisms are foundations of this topic;
both passive and active methods are designed based on their
own mechanisms, so two examples are selected to illustrate
general harmonic reduction mechanisms in Section II. Then
some dc-side harmonic reduction circuits with good perfor-
mances are classified into active, passive, and hybrid methods.
Operation principles, functions, and limitations of each method
are illustrated in detail; moreover, useful simulation results and
comparisons are also given out. This literature review is expected
to be a helpful guideline for designers and users to do intensive
research or fast searches of MPRs’ dc-side harmonic reduction
methods under their needed occasions.
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The development trend of MPRs is toward high efficiency,
enhanced reliability, easy implementation, more economical,
and more compact structures with higher input and output power
qualities. In order to improve overall performances of MPRs,
properly designed dc-side harmonic reduction methods are an
important prerequisite. For passive harmonic reduction methods,
choosing suitable structures under particular occasions to obtain
a higher pulse number is useful for harmonic eliminations. For
active harmonic reduction methods, they usually have better
harmonic reduction effects than passive methods under the
same pulse number, but controllable devices are needed, which
increases total costs and design complexities. In addition, it is
worth noting that hybrid harmonic reduction methods have po-
tential advantages to give considerations on the power qualities
of both ac and dc sides. Therefore, tradeoffs in power quality and
other aspects to design more reliable and sustainable harmonic
reduction methods of MPRs should become future research
orientation.
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