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Harmonic Reduction Methods at DC Link of
Series-Connected Multi-Pulse Rectifiers: A Review

Qingxiao Du", Lei Gao

Abstract—Series-connected multipulse rectifiers (MPRs) are
used to provide high-quality electric power for high-voltage and
high-power occasions. Due to conventional MPRs have limited
harmonic reduction ability that cannot fulfill the related harmonic
standard, some effective dc side harmonic reduction methods have
been proposed to further improve power quality of the MPRs. This
article gives a comprehensive review on dc link harmonic reduction
methods of series-connected MPRs. Passive and active harmonic
reduction mechanisms are respectively analyzed based on two typ-
ical topologies, which are theoretical foundations for understanding
and constructing novel harmonic reduction circuits (HRCs). Some
useful dc side HRCs are presented and compared from aspects of
their performances, complexity of the overall structure, magnetic
device capacity and power losses, etc. The necessary simulation
results are given to verify and compare the effectiveness of some in-
volved harmonic reduction methods. Based on these topologies, the
advantages, drawbacks and future trends of the passive or active
methods are concluded; besides, the hybrid harmonic reduction
methods are also considered. This article aims to provide useful
guidance for the researches of harmonic elimination and multipulse
rectification technology.

Index Terms—DC link harmonic reduction method, harmonic
reduction mechanism, input current THD, series-connected
multipulse rectifier (MPR).

1. INTRODUCTION

ITH RAPID developments of power semiconductor de-
W vices, rectifiers as one of the main power conversion
devices have been widely used in power systems, industrial
and agricultural production occasions as well as transportation
and aerospace fields [1]. Meanwhile, it cannot be ignored that
rectifiers also bring serious harmonic pollutions due to their
properties of nonlinearity and time variability, both voltage and
current harmonics in grid cause damage to grid itself and even do
harm to electrical equipment connected to gird [2]. Therefore,
it is an essential work to do researches on harmonic reduction
methods.
In general, there are two kinds of methods to deal with
harmonics caused by rectifiers. One method is to install suitable
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passive or active filters to compensate harmonics, which has
functions to eliminate harmonics at specific frequencies for all
kinds of harmonic sources; while in many cases, this method
leads to high economic costs and power losses, further more with
system’s components number increases, its overall reliability
is reduced [3]. However, compared with filters, reconstruct
rectifiers is a more attractive method that can fundamentally
deal with harmonic pollutions [4], [5]. This method can also
be divided into two kinds, in low and medium power occasions,
pulsewidth modulation (PWM) rectifiers have a broad utilization
[6]; while multipulse rectifiers (MPRs) are more suitable for
high power occasions that can reduce power losses [7]. Besides,
PWM rectifiers need more complex measurement and feedback
control circuits. Take all factors into account, MPRs have wider
prospects due to their high robustness. Whether it is a series-
connected MPR or a parallel-connected MPR, its harmonic re-
duction performance mainly depends on the pulse number of the
rectifier. After using dc side harmonic reduction circuits (HRCs),
higher pulse number and better performances can be obtained
[8]-[24]. Compared with parallel-connected MPRs, series con-
nection of bridge rectifiers can achieve higher output voltages, so
that series-connected MPRs extend MPR’s utilizations to higher
voltage and higher power fields [25]-[45]. In addition, series
connection avoids current imbalance phenomenon, which may
occur in parallel-connected MPRs and cause adverse influence
on actual harmonic reduction performances.

In recent decades, related institutions and scholars have pro-
posed some dc side harmonic reduction methods of parallel-
connected MPRs [1], but there are less novel MPRs are con-
centrated on series-connected forms, this is due to that dc
side HRCs of parallel-connected MPRs have more clear design
mechanisms and implementation methods. In order to promote
future researches on novel series-connected MPRs and discover
their potentials, it is essential to do comprehensive derivations
on harmonic reduction mechanisms of series-connected MPRs
and compare their characteristics.

In this article, according to whether there are filter inductors
at ac side, series-connected MPRs can be generally divided into
current source rectifiers and voltage source rectifiers, and their
dc side harmonic reduction methods both include passive and
active methods. First, this article clarifies the passive and active
harmonic reduction mechanisms of dc side harmonic reduction
methods. Furthermore, characteristics of some effective passive,
active and hybrid HRCs from aspects of power quality, total K VA
rating of the magnetic devices, suitable occasions and realizable
complexity are respectively presented in Sections III-V. In
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Fig. 1.  Series-connected 24-pulse rectifier with dc side passive HRC. (a) Main
topology of the 24-pulse rectifier. (b) Equivalent model of the 24-pulse rectifier
when the single-phase rectifier is not working. (¢) Equivalent model of the 24-
pulse rectifier when the single-phase rectifier is working.

addition, simulation verifications are presented in Section VI,
and future trends are also concluded in Section VII. All above
works have not been done in previous papers. Therefore, this
article is aimed at providing comprehensive and clear guidelines
for HRC selection and research.

II. HARMONIC REDUCTION MECHANISM ANALYSIS

In this section, based on current source rectifiers, the pas-
sive and active harmonic reduction mechanisms of the series-
connected MPRs are presented in detail, which are helpful for
understanding the operation principles of the mentioned dc side
HRC:s in the following sections.

A. Passive Harmonic Reduction Mechanism Analysis

As shown in Fig. 1(a) [25], this series-connected 24-pulse rec-
tifier is taken as an example to clarify passive harmonic reduction
mechanism. The main circuit is a 12-pulse rectifier, and dc side
passive HRC is consisted with a single-phase transformer (7',)
and a single-phase full-wave bridge rectifier. Based on Fig. 1(a),
the model when the dc side HRC is not working [see Fig. 1(b)]
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Fig. 3. Waveform of the current difference iy.

can be established to clarify the operation modes of the main
circuit, and form comparisons to the 24-pulse rectification state
[see Fig. 1(c)].

Assume that the voltages provided by the voltage sources are

Uy = V2E sin wt
up, = V2E sin(wt — 27/3) (1)
ue = V2E sin(wt + 27/3)

where E is the RMS value of the input voltages.

If the turns ratio of the A/A/Y phase-shifting transformer is
Ny : Ny : Ny = K+/3:/3: 1, the input voltages of the phase-
shifting transformer can be presented as

Ugnl ~ % sin(wt — @)
Upp1 A % sin(wt — 27/3 — ) 2
Uenl R % sin(wt + 27/3 — )

where ¢ is the phase difference between ac voltage sources and
input currents.

Due to the existence of inductors L, in combination with the
configuration of the phase-shifting transformer, the three-phase
bridge rectifiers Recl and Rec2 can be replaced by two current
sources with the same RMS value and a phase difference of
30°. In Fig. 1(b), midpoints F and P are connected to provide a
conductive path for current difference of irec1 and igece; and in
Fig. 1(c), the HRC is consistent with the original circuit.

The waveforms of current sources irec; and igeco are shown
in Fig. 2, and Table I gives diode operation modes in each
interval. Based on Fig. 2 and Kirchhoff’s current law (KCL),
the waveform of current difference iy can be plotted as shown
in Fig. 3, which determines the operation modes of the passive
HRC. When i, > 0, current flows into the dotted terminal of the
primary side, and flows out of the secondary side of T, diode
D1 is forward-biased and turned ON (mode I); on the contrary,
when i, < 0, current flows out of the dotted terminal of the
primary side, and flows into the secondary side of 7, diode Do
is forward-biased and turned ON (mode II). Defining that the
turns ratio n of 7, is Ni: No. Through alternative conduction
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TABLE I
OPERATION MODES OF THE THREE-PHASE BRIDGE RECTIFIERS

. . Conductive
Mode Interval IReel iRec2 .
Diodes
0 [0, ) icibl icob2 D5 Dig D2s Das
1 [p, p+30°) Lcibl Laob2 D5 Dig D21 Das
2 [p+30°, p+60°) falbl fa2b2 D11 Dig D21 Dag
3 [p+60°, p+90°) Latbl fa2e2 D11 Dig D21 Dax
4 [p+90°, p+120°) falcl fa2e2 Dii D12 D21 Doy
5 [p+120° @+150°)  iager Ib2c2 D11 D12 Dos D
6 [p+150° @+180°)  ipicr Ib2e2 Di3 D12 D23 D
7 [p+180° @+210°)  ipiel Ib2a2 Di3 D12 D23 Doy
8 [p+210°% @+240°)  ipim Ib2a2 D3 D14 D23 Doy
9 [p+240°, +270°)  ib1al [53%) D13 Dia Das Dog
10 [p+270° @+300°)  iciar [eoa2 Di5 Dis Das Dag
11 [p+300°, p+330°) iclal icab2 Dis Dig Das Dys
12 [p+330°, 360°) Leibl Lean2 Dis5 Dig Das Das
5 —_— —
2
=
>
1 11 1 11 1 11 1 11 1 11 1 m I
Operation modes of the passive harmonic reduction circuit
Fig. 4. Waveform of the voltage upp, 24.

TABLE I
OPERATION MODES OF THE PASSIVE HRC

Mode Interval Mode Interval

1 [0, g+15°) 1 [9+165°, ¢+195°)
I [o+15°, pt+45°) 1 [9+195°, ¢+225°)
1 [o+45°, p+75°) 1 [9+225°, ¢+255°)
I [o+75° +105°) 11 [9+255°, ¢+285°)
I [p+105°, p+135%) 1 [p+285°, p+315°)
I [p+135°, p+1659) I [p+315°, p+345°)

I [p+345°,360°)

of diodes Dy and D, the square-wave voltage upp 24 with the
amplitude of n(u,+U ) is formed as shown in Fig. 4, which can
further influence step number and level values of input voltage
uan1- Table I is the corresponding intervals of modes I and II.

In combination with Fig. 1, the relationship between primary
and secondary side voltages of the phase-shifting transformer
satisfies that

1
UAn1 = ﬁuAlBlé - %

UA1B1 = UAB = V/3UA2m2
uBiCc1 = Upc = V3upan2.-

3)

Taking points “P”” and “G” as the reference points of Rec1 and
Rec2, respectively. Based on Kirchhoff’s voltage law (KVL), it
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Fig.5.  Waveform of the input voltage an1,12.

can be obtained that
UA2n2 = UA2G — Un2G
UB2n2 = UB2G — Un2G
UC2n2 = UC2G — Un2G-

“)

Under balanced conditions, the following relation is estab-
lished:

UA2n2 + UB2n2 + Uc2n2 = 0. ©)
From (4) and (5), voltage u, 2 can be expressed as
UA2G + UB2G + UcaG ©6)

Un2G = 3

When the single-phase rectifier in the HRC is not working,
the rectifier shown in Fig. 1 is operating under the 12-pulse
rectification state. For the series-connected 12-pulse rectifier, its
input voltage is determined by operation modes of main circuit
as given in Table I. Taking Mode 1 as an example to clarify
formation process of voltage uan1,12. In mode 1, the following
voltages can be directly obtained:

{UB1P,12 = —-Uq {UAQG,lz =%+ Uq
ucip,12 = 5 +Usq | uB2c,12 = —Uq
where U ; is the diode conduction voltage drop and u, is the load
voltage.

From (3) and (7), voltages ua1p,12 and ucog,12 can be ob-

tained

@)

UAIP,12 = \/52_1% + (23 = 3)Uq

3)
ucac12 = B, + (2v3 - 3)Ua.
According to (7) and (8), ua1B1,12 is
V3—-1
UAIBL,12 = T(uo +4U,y). 9
From relations in (3), uan1,12 is
Uant12 = ~——= (U0 + 4Uy). (10)

2V/3

Similarly, other levels of uay1,12 can be calculated, Fig. 5 is
the theoretical waveform of ua, 1,12, and Table III gives level
values of uay 12.

For the series-connected 24-pulse rectifier as shown in Fig. 1,
its overall operation mode is a combination of operation modes
of main circuit and dc side passive HRC. Based on Tables I and
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TABLE III
LEVEL VALUES OF THE VOLTAGE UAx1,12
Voltage Level Value
2-3
Ly A (u, +4U,)
J3-1
Ly1s 25 (u, +4U,)
1
L —=(u, +4U,)
3,12 2\/5( d
E
(%)
)
S0H
ks
>
=
a.
=
0 T ptn 2n
Radian (wf)
Fig. 6. Waveform of the input voltage uAn1,24.

11, taking operation modes in interval [, ¢ 4+ 15°) as an example
to clarify formation process of voltage uan1 24. In this interval,
the following voltages can be directly obtained:

up1p24 = —Ux — Ugq [ ur2g24 = 5
ucip2a = 5 +Ug
where u, is the amplitude of the square-wave voltage upp.

From (3) and (11), voltages uaip24 and ucac,24 can be
obtained

—u, + Uy
up2q,24 = —Uq

an

UAIP,24 = \/‘;’2_116 - 2+ V3)us + (2v3 = 3)U, (12)

UC2G,24 = \/52_1 (V34 Dug + (23 = 3)U,
According to (11) and (12), ua1B1,24 is

V3-1
uaBl2s = —5— (o +4Us) = (V3+ Du. (13)
From relations in (3), uan1,24 is
V3 -1 (V3+1)N,

UAn = ——(uo +4Uy) — —————(uo + Uy).

Anl,24 2\/§ ( d) \/§N5 ( d()14)

Similarly, other levels of ua,1,24 can be calculated, Fig. 6
is the theoretical waveform of 1,1 24, and Table IV gives level
values of ua, 24. In[11], itindicates that the optimum turns ratio
n is 55.8 under the minimum total harmonic distortion (THD)
value of input voltages.

The basic harmonic reduction mechanism of the passive
HPR is increasing operation modes of the rectifier, that is in-
directly increasing the step number of the input voltage. As the
step number of input voltage increases, high-content low-order
harmonics can be suppressed, thereby improving the power
quality of the input current. However, the harmonic reduction
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TABLE IV
LEVEL VALUES OF THE VOLTAGE Uay1,24

Voltage Level Value
Lix ‘/—(u +4U,) — (zt/g\/j—,)m (u, +U,)
Loss ( +4U, )+(2f/_*/—) 4 (u, +U,)
J§ -1 (3+DN,

L34 2\/5 (wu, +4U,) ——F=— -\/gN (u, +Uy)
Liz «/5\/_ (u, +4U. )+(‘/—f/§l) L (u, +U,)
Lsos \/_ (u, +4U,)— «/5;\/ (u, +U,)

N,
L4 J—(u +4U, )+«/§N (u, +U,)

RECI ia p 1

N Ui,
+ Active
“a | HRC ;r
RECII ia q

Fig. 7.  Series-connected 12-pulse rectifier with DC side active HRC (current
source type).

ability of the passive HRC is limited; besides, the power factor
may decrease since the phase angle between the input current
and the voltage source cannot be eliminated. It is necessary to
use active HRC to further improve power quality.

B. Active Harmonic Reduction Mechanism Analysis

In previous pieces of literature, especially for the current
source rectifier, the harmonic reduction mechanism of dc side
active harmonic reduction method lacks accuracy, and the the-
oretical derivation of the modulation current waveform is not
given. In this paper, the active harmonic reduction mechanism is
clearly presented based on the 12-pulse rectifier shown in Fig. 7.
In Fig. 7, the main circuit of the MPR is same as that in Fig. 1,
and the dc side active HRC is consisted with a single-phase
transformer 7',,,, and the circuit connected with the secondary
side of T, this auxiliary circuit can be any controllable circuit
that can generate the needed current waveform.

In order to eliminate the phase difference ¢ and improve
the power factor, the current provided by the active HRC
should be determined under the premise of ignoring the
influence of phase difference. Therefore, in theoretical analysis,
the voltage source type rectifier shown in Fig. 8 is used to replace
the current source type rectifier in Fig. 7.

Compared with Fig. 7, the rectifier shown in Fig. 8 without
using ac side filter inductance. It is necessary to add a single-
phase transformer T}, between the two dc side capacitors to
ensure that the effective values of the currents flowing through
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i
i

RECII fa 9

Fig. 8.  Series-connected 12-pulse rectifier with dc side active HRC (voltage
source type).

the two capacitors are equal. The rest parts are consistent with
Fig. 7.

Based on the configuration of the phase-shifting transformer
and (2), the output voltages of the phase-shifting transformer are

Ugl = fE sin wt Ugo = @(sinwt +7/6)
P fE _ — V2E _
b1 = G sin(wt — 27/3) | upe = Y= sin(wt — 7/2)
Ul = ‘/;(E sin(wt + 27/3) | ue2 = % sin(wt + 57/6).
(15)

According to the operation principle of three-phase bridge
rectifiers, the output voltages of the two sets of three-phase
bridge rectifiers can be obtained

Ud1 =
Ud2 =

where S41,5p1, Sc1, 542, Sp2, and S2 are the switching functions
of phases “al,” “bl,” “cl,” “a2,” “b2,” and “c2,” respectively.
The switching function S,; can be expressed as

Sa1Uar + Sp1upt + Se1ter

1
Sa2ta2 + Spatpa + Seatiea (16)

1
So1 = 3 {sgn [ug1 — ue1] — sgn [upr — ua1]} - 17

Each switching function satisfies the following relations:

Spo = Sall—f—ﬂ'/f}

{gblfgaljjr;%g Spo = Sa1/ —7/2  (18)
b Tl Se2 = Sa1£ + 57/6.
According to KVL, the load voltage u, is
Ug = Uq1 + Ud2 19)

where u4; and uy4o are the output voltages of rectifiers REC I
and REC II.

From (15) to (19), the expression of u in the domain [0, +o0)
can be obtained as follows:

E . 51 km km
Uq = X 12 + 6v/3sin <wt+ 12) wt € {67 3> (20)

where k is a positive integer.

According to the operating principle of three-phase rectifier
bridge, the 6-phase output current of the transformer can be
written as

a2 = Sa2ld2
ip2 = Spaido
2 = Seatda.

Z’al = Salidl
ib1 = Shitd1
lel = S(:lzdl

21
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where i4; and i4o are output currents of rectifiers REC I and
RECII.

According to KCL and ampere-turn balance principle, the
primary side currents of the isolated transformer are

. N.
lg = N? 1q1 + N1 (Za2

N2

ic2)
iy + N R (i — da2) (22)

ic - ]]:][2 le1 + X (ZCQ - Z172)

Under the condition of large inductive load, i4; and i42 can
be obtained by KCL and Fig. 8

ig1 = Iq+1p
23
{ZdQ = Id - Zq ( )
where 1 is the load current, i, and i, satisfies
1
) = ) = - .m. 24
ip = iq = 5 (24)

Substituting (21), (23), and (24) into (22), the input current
of the rectifier can be obtained

= 5 11+ bin) (S 51 i

ib _ Sb1 (Id + ) %ﬁ(sz — SaQ)(Id — %Zm)

te = K (Id + 30 m) + %ﬂ(sg — Sp2)(La — %Zm)
(25)

From (25), it can be observed that when the current i,,, meets
a certain condition, the input current of the rectifier will not
contain harmonics. Taking phase “a” as an example, the current
i can be expressed as

_ Kiq — Sa1lq — %(Saﬁ — Se2)1a 26)
lam =
o %Sal - ﬁ(stﬂ - SCQ)

Assume that the waveform of i, is a standard sine wave, that
is
iq = V21, 1 sinwt

where /,, ; is the effective value of fundamental wave of i,.
According to the power conservation law, the relationship
between input and output power of the system can be established

3B, = Uy (28)

27)

where U is the effective value of the load voltage.

Before and after equivalent substitution, only the phase differ-
ence of load voltage changes, while the effective value remains
unchanged. It can be obtained from (8) that

_— E\/(6+3\/§)(7r+3)
A= 7 .

(29)
Vs
Substituting (29) into (28), it can be obtained that
1
L. 4 (6+3\/§)(7r+3)' 30)

’:3? ™

Then substituting (30) into (27), the current i , can be rewritten
as

I
i A 2.2054?‘1 sin wt. (31)
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Fig. 9. Secondary side current iy, of the transformer 7'p,,.

N

Nig/I4

(=)

The realizable circulating
currents ig (p.u.)

I
%)

/2 o 3n/2 2n

Radian (w?)

(e

Fig. 10.  Realizable circulating currents is.

Substituting (31) into (26), the needed current i, can be
obtained, in a real circuit, the control of current i,, is often
achieved by controlling the secondary side current i.

The primary and secondary side current relationship of trans-
former T,,,, is

N,
i = ﬁpzm (32)

In combination with (26), (31) and (32), we can get

- %(5(12 - Sc2)

(Sa2 — Se2)

Zsa _

N, 22054 sinwt — Sy

I, N, 15a1 ©3)

2\f

When N,: N, is 1: N, the waveform of Nig,/I; is shown in
Fig. 9, and the current i, is a pure sinusoidal wave.

When the three-phase input currents are all standard sine
waves, the required circulations iy, isp, and iz, are asymmet-
rical triangular waves with phase difference of 120°, but only
one waveform can exist on the secondary side of the injection
transformer. Therefore, the asymmetrical triangular wave can be
approximated to the realized symmetrical triangular wave iy as
shown in Fig. 10, which is injected into the secondary side of
the transformer 7,,,,,.

When the waveform of the auxiliary side current of the har-
monic injection transformer is shown in Fig. 10, the waveforms
of currents i4; and iy are plotted as shown in Fig. 11, the
waveforms of currents i1, i,2, and —i.o can be plotted as shown
in Fig. 12, and the three-phase input currents are approximated
to sine waves, as shown in Fig. 13.
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Fig. 13.  Three-phase input currents.

From Fig. 12, the Fourier series of currents i41, i42, and —i.o
are

1=, (‘fl)dz sin(&F

- cos(k“) — 1] sin kwt
= 55 ol sin( )2 cos( )

)[ZCOS(%“)

(34)

- cos( *) — 1] sink(wt + %)
—iep = = 0L (it Sln(’%)[? cos(*f)
— cos(E) — 1] sin k(wt + 57,

According to (22) and (34), the Fourier series of i, in Fig. 13
can be expressed as

= i 48[(1 sin k—ﬂ 2 cos k—ﬁ — Cos k—ﬂ -1
2 6 3

243 . km km

—3sin (3) cos(kwt + ?)

From (35), it can be found that the (12k+1)th (k is a positive
integer) harmonics are almost eliminated in the input current.

. [sin(k:wt) - (35)
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Fig. 14.  Multipulse current source rectifiers based on dc side passive harmonic
reduction methods. (a) 24-pulse rectifier with voltage harmonic injection circuit.
(b) 24-pulse rectifier with current harmonic injection circuit. (¢) 36-pulse rectifier
with dual passive harmonic injection circuits.

In combination with the control and drive circuit, the basic
harmonic reduction mechanism of the active HPR is provid-
ing a specific current that can modulate the input current into
near-sinusoidal waves, thereby reducing the harmonic content
in the input currents. The waveform and amplitude, phase,
frequency information of the injection current can refer to the
above analysis.

III. DC SIDE PASSIVE HARMONIC REDUCTION METHODS

Fig. 14 shows three kinds of DC side HRCs for a current
source rectifier [26]-[28], their HRCs are consisted with single-
phase transformer and single-phase diode bridge rectifier.

The configuration and operation modes of the rectifier shown
in Fig. 14(a) are similar to that of Fig. 1, so that they have same
harmonic reduction mechanism. Compared with Fig. 14(a), the
HRC in Fig. 14(b) has same components but with different
connection method, that can provide current harmonics for the
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Fig. 15.  24-pulse voltage source rectifier with single-phase bridge rectifier.

main circuit. In Fig. 14(b), the dc side of the single-phase
diode bridge rectifier is connected in series with the three-phase
rectifiers, and the ac side is connected with the single-phase
transformer. When i 45 is much greater than i4;, diodes D; and
D5 are turned ON (see mode 1); with the gradually decrease of igo
and the increase of i ;1, when the current difference between i 4o
and i4; can be provided by the single-phase rectifier, four diodes
are turned on at the same time (mode 2), this mode continues to
the moment when ip3 is equal to i4o and ip4 is equal to ig41; SO
in mode 3, diodes D3 and Dy are turned ON; during the currents
transfer from D3 and D4 to D1 and D, there is a transition stage
(mode 4) that is same with mode 2, and this mode is end when i p
is equal to i 42 and i po is equal to i 41 . Based on current relations
on both sides of the injection transformer, the interval length of
modes 2 and 4 is associated with turns ratio design, once the turns
ratio is determined, the interval length can also be determined.
Although this harmonic reduction method is more complex, this
connection way provides a new idea for construction of dual
passive HRC.

As shown in Fig. 14(c), this rectifier combines HRCs in
Fig. 14(a) and (b) to produce a dual passive harmonic reduction
method, which can be operated in a 36-pulse rectification state.
Based on the operation modes of these two kinds of passive
HRC in Fig. 14(a) and (b), six operation modes of this dual
passive HRC can be obtained, in combination with operation
modes of three-phase rectifiers, there exist 36 combinations of all
operation modes, so that the input voltage of the phase-shifting
transformer has 36 steps per cycle.

Only passive devices are used in these three HRCs that are
easy to implement. Moreover, harmonic reduction methods pre-
sented in Fig. 14 are all suitable for an isolated transformer,
which provides another choice for some occasions need electri-
cal isolations.

Fig. 15 is a 24-pulse voltage source rectifier with a single-
phase diode bridge rectifier [29], the HRC is similar with that in
Fig. 14(b), but in the voltage source rectifier, one more single-
phase transformer needs to be added between two capacitors
to keep balance of currents flowing into two capacitors. The
conduction modes of the single-phase rectifier are determined
by the voltage relations between u 4, and u 44, due to that u 4, and
U 44 are six-pulse waves with a phase difference of 30°, there are
two operation modes of the single-phase bridge rectifier, and
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Fig. 16.  24-pulse voltage source rectifier with single-phase full-wave rectifier.
(a) Diode-based 24-pulse rectifier. (b) Thyristor-based 24-pulse rectifier.

the actual direction of the current iy; changes as the diodes’
conduction mode changes. Based on KCL, iy, and iy, are two
sets of square waves with a phase difference of 30° at a frequency
of six times power frequency, therefore, a 24-step input current
can be obtained at the ac side of the rectifier. This method
contains two single-phase transformers, which increases total
cost and volume of the system.

Fig. 16 (a) gives another topology of the 24-pulse rectifier
[30]. There are also two operation modes of the single-phase
full-wave rectifier, so that same harmonic reduction effect can
be obtained by using this circuit.

If the diodes in Fig. 16(a) are replaced by thyristors, the
thyristor-based rectifier can be constructed [see Fig. 16(b)]. It is
indicated that the harmonic reduction mechanism and optimum
turns ratio of the single-phase transformer 7, in these two
topologies are the same [31]. In combination with the phase
angle control, the thyristor-based rectifier can also operate under
24-pulse rectification state and the RMS value of the load voltage
can be changed by changing the firing angle of the thyristors.

On the basis of Fig. 16(b), the pulse number of the rectifier
can be extended to 12n when using an n-tap transformer and n
thyristors in the HRC.

From Fig. 16, the HRCs for the diode or thyristor-based
rectifiers have some similarities, the HRCs suitable for the
diode-based rectifiers can also be used in the thyristor-based rec-
tifiers after changing device type. Compared with diode-based
rectifiers, thyristor-based rectifiers are more suitable for some
occasions that need voltage regulation, such as motor drive, high
voltage direct current (HVdc) transmission, etc.

For current source rectifiers, the input current harmonics can
be indirectly eliminated through increasing the step number of
the input voltages; however, for voltage source rectifiers, the
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input current harmonics can be directly eliminated by increas-
ing the step number of the currents. The comparisons of the
above-mentioned passive HRCs are given in Table V, and their
advantages and disadvantages are given in Table VI.

IV. DC SIDE ACTIVE HARMONIC REDUCTION METHODS

Generally, dc side active harmonic reduction methods can be
divided into two kinds, which are harmonic injection methods
and dc side current modulation methods. The harmonic reduc-
tion mechanism of the former method is similar to that of the
passive harmonic reduction method, the harmonics in the input
currents can be eliminated through increasing the step number
of the input currents or voltages. By controlling the operation
modes of the active HRC, the current modulation method can
modulate the output currents of the three-phase rectifiers into
the required shapes, so that the input currents can be modulated
into sinusoidal waves.

A. Harmonic Injection Methods

Fig. 17 shows three series-connected MPRs with three kinds
of DC side voltage harmonic injection circuits [32]-[34]. In
Fig. 17(a), the voltage harmonic injection circuit is consisted
with a single-phase transformer and a single-phase thyristor
bridge rectifier. By optimizing the turns ratio of the single-
phase transformer and controlling the switching states of the
single-phase thyristor bridge rectifier, the winding voltage of the
single-phase transformer can be modulated to a three-step wave
with the frequency of 6 f;, thereby forming a 36-step voltage on
the primary side of the isolation transformer.

Fig. 17 (b) adds one more harmonic injection circuit on the
basis of Fig. 17(a). Based on a similar control method, both
single-phase transformers can obtain a three-step voltage with
a certain phase difference at a frequency of 6f;. Therefore, a
five-step voltage is injected into the dc side of the main circuit, so
that the primary voltage of the isolation transformer is a 60-step
wave.

Based on Fig. 17(b), Fig. 17(c) combines and simplifies two
single-phase transformers and two sets of single-phase thyristor
rectifier bridges to form a simplified MPR. In Fig. 17(c), the
two secondary windings of the single-phase transformer are,
respectively, connected to two sets of thyristor rectifier bridges.
The two sets of thyristor rectifier bridges share a bridge arm,
which reduces the use of thyristors, but can achieve identical
harmonic reduction effects.

Fig. 18 presents three voltage source rectifiers with three kinds
of dc side active current harmonic injection circuits [35]-[37].
The voltage difference of the three-phase bridge rectifiers’ out-
put voltages is provided for the single-phase thyristor rectifier
through the secondary side of the single-phase transformers.

In Fig. 18(a), the harmonic injection circuit consists of two
capacitors, two single-phase transformers, and a single-phase
thyristor rectifier bridge. By controlling the operation modes of
the single-phase thyristor rectifier bridge, the current flows in the
single-phase transformer can be changed directionally, so that
the winding current of the single-phase transformer is a square
wave with the frequency of 6f;. The square-wave currents can be
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TABLE V
COMPARISONS ON THE MPRS WITH DC-SIDE PASSIVE HRCS

. Pulse kVA Ratings of Magnetic Devices Lo
Fig. No. THDinpt current Applications
Number (% load power)
in transf : 100%; . . .
Fig. 1 24 2.65% Il?aln FANSIOTMEL: OVET ’ high-power rectifications
single-phase transformer: 2.3%.
in transfq 1 ~50%;
Fig. 14 (a) 24 2.57% am franstormer: =77
single-phase transformer: ~2%.
Fig. 14 (b) 24 2 48% @ain transformer: ~50%; more elect'ric aircraft;
single-phase transformer: ~1.6%. aerospace industry.
in transfq 1 ~50%;
Fig. 14 (c) 16 151% maln‘rans ormer: o
two single-phase transformers: together ~2%.
Fig. 15 24 7.5% in theo /
e ’ v in transfi 109.4% high-voltage & high-power
main transformer: ~109.4%; .
Fig. 16 (a) 24 7.5% in theory ° occasions

two single-phase transformers: together ~6.5%.

TABLE VI
ADVANTAGES AND DISADVANTAGES FOR MPRS WITH DC-SIDE PASSIVE HRCs

Fig. No. Advantages Disadvantages
/ For all series-connected MPRs: avoid current unbalance between limited harmonic reduction ability
two series-connected three-phase rectifiers;
For all diode MPRs with passive harmonic reduction circuit:
high reliability, easy to realize, economic and efficient;
For all current-source series-connected MPRs with DC side filter
capacitors: load u/i ripple factor is quite low.
Fig. 1 can provide galvanic isolation lower power density
Fig. 14 reduced kVA rating of the main transformer cannot provide galvanic isolation
Fig. 15 eliminated phase difference between input current and voltage need additional single-phase transformer;
source; high power factor. power quality on both AC and DC sides are
Fig. 16 change diodes into N thyristors can form 12N-pulse rectifiers reduced compared to current source MPRs.

injected into the three-phase rectifier bridges by the single-phase
transformers, finally, the ac side input current is changed from
a 12-step wave to a 24-step wave.

The HRC in Fig. 18(b) adds a bypass thyristor connected
in parallel at both ends of the single-phase thyristor rectifier
bridge. By controlling the ON and OFF states of five thyris-
tors, the winding current of the single-phase transformer is
changed into a three-step wave, which is also injected into the
three-phase rectifier bridge through single-phase transformers,
and finally the AC-side input current is changed to a 36-step
wave.

Based on Fig. 18(a) and 18(b), by increasing the number of
single-phase transformer secondary windings and single-phase
thyristor rectifier bridges in the harmonic injection circuit, an
input current of any number steps can be obtained as shown in
Fig. 18(c). The number of secondary windings and single-phase
thyristor rectifier bridges is proportional to the step number of
the injected current. According to the level of the injected dc side
current, MPRs with different pulse number can be constructed.
However, with the increase in the number of secondary windings
and single-phase thyristor rectifier bridges, the size and cost
of the system will also increase, and switching losses will
inevitably increase. At the same time, the increase in the number
of thyristors means that the complexity of control methods also
increases.

From Figs. 17 and 18, the dc-side harmonic injection circuit
is generally composed of thyristors, single-phase transformers,
and capacitors. Its harmonic suppression capability is directly
proportional to the number of thyristors. The rectifier can obtain
better harmonic suppression performance, but the complexity of
the control circuit will inevitably increase.

B. Current Modulation Methods

The rectifier shown in Fig. 19 is a current source rectifier
whose ac side inductors can be omitted because they are folded
into transformer inductances [38]. Its current modulation cir-
cuit consists of a single-phase transformer and a single-phase
inverter. The dc side of the single-phase inverter is connected
across the output capacitor, and its ac side outputs a square wave
voltage with a variable amplitude and a frequency of 6f;. The out-
put currents of the two sets of rectifier bridges can be modulated
into a triangular wave at frequency of 6f; with the same average
value and opposite phases, which can ultimately reduce the THD
of the ac side input current to around 3.57%. The capacity of the
current modulation circuit is only 4.8% of the load power, and
the harmonic suppression cost is small. Compared with Fig. 14
(a), in Fig. 19, the use of active devices cannot increase the step
number of the injected voltage, so that the harmonic reduction
effect has not been significantly improved. However, different
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Fig. 17.  Multipulse current source rectifiers with harmonic injection circuits.
(a) 36-pulse rectifier with single-phase thyristor bridge rectifier. (b) 60-pulse
rectifier with two single-phase thyristor bridge rectifiers. (c) 60-pulse rectifier
with simplified thyristor bridge rectifier.

from the passive method, the control circuit used in Fig. 19
has the function of eliminating the phase difference between the
three-phase voltage sources and the input currents of the rectifier,
which can improve the power factor of the rectifier.

Fig. 20 shows a series MPR with a single-phase half-bridge
PWM inverter [39]. This rectifier adds a PWM inverter to the dc
side of the series 12-pulse rectifier. The control circuit corrects
control signals of insulated-gate bipolar transistors (IGBTs)
through a current-mode hysteresis comparator, thus the output
currents of the three-phase bridge rectifiers are modulated into
triangular waves with a phase difference of 30° at a frequency
of 6f; so that the waveform of the input current on the ac
side is approximately a sine wave. When the auxiliary circuit
fails, the rectifier can be operated in 12-pulse rectification state.
Compared with the conventional PWM rectifier, this method
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Fig. 18.  Multipulse voltage source rectifiers with harmonic injection circuits.
(a) 24-pulse rectifier with single-phase thyristor bridge rectifier. (b) 36-pulse rec-
tifier with bypass thyristor bridge rectifier. (c) MPR with single-phase thyristor
bridge rectifiers.
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Fig. 19.  Series-connected MPR with single-phase inverter.

reduces the cost, and the capacity of the current modulation
circuit only accounts for a small part of the output power.
However, because the control signals of the two IGBTs are
received by the hysteresis comparator, the output current of the
rectifier bridge has some obvious ripples.

Fig. 21 shows a series MPR with dc side buffer circuit [40].
The output terminals of the two sets of three-phase rectifier
bridges are connected in series with the IGBTs. By controlling
the ON and OFF states of the IGBTS, the output currents of the



DU et al.: HARMONIC REDUCTION METHODS AT DC LINK OF SERIES-CONNECTED MULTIPULSE RECTIFIERS: A REVIEW

peoy

Fig. 20.  Series-connected MPR with PWM converter.
anrs
=—C;
| =
[ 8
o
=G,
S,

Fig. 21.  Series-connected MPR with buffer circuit.
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Fig. 22.  Series-connected MPR with buck-boost converter.

three-phase bridge rectifiers can be modulated into triangular
waves so that the input current on the ac side is approximately a
sine wave with a THD value of 1.37%. This method can effec-
tively reduce the harmonic content of the input current when the
load changes rapidly, and when the IGBT fails to commutate, the
rectifier can be temporarily operated in the 12-pulse rectification
state by shorting the IGBTs, so itis convenient for fault handling.
However, the buffer circuit is directly connected in series with
the main circuit, which may result in large switching losses.

In Fig. 22, the current modulation circuit consists of a cas-
caded buck-boost converter [41]. The cascaded buck-boost con-
verter can modulate the output current of the three-phase rectifier
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Fig. 23. Series-connected 36-pulse rectifier with hybrid HRC (full-isolated
phase-shifting transformer).

bridge into triangular waves, thereby reducing the harmonic
content of the input current of the rectifier, making its THD value
only 2.41%. This method can provide an energy transmission
interface for the system that can be used to transmit active
power into the dc bus. When the bridge rectifiers are operating
under discontinuous conduction mode, the method still has good
harmonic suppression ability. The drawback of this method is
that the control circuit is more complicated and the switching
loss is larger.

Although the current modulation methods shown in Figs. 17
to 22 all have considerable harmonic suppression effect, but
may have disadvantages of large switching losses or complex
control circuit design. Their power quality comparisons, suitable
occasions, advantages and disadvantages are given in Table VII.

V. DC SibE HYBRID HARMONIC REDUCTION METHODS

According to the current research status of dc side passive
and active harmonic reduction methods, although the passive
harmonic reduction method has a simple structure and low
implementation difficulty, the harmonic reduction effect is lim-
ited. Some active methods can improve the harmonic reduction
ability, but have disadvantages of complex control circuits and
large switching losses. Therefore, a combination of passive and
active harmonic reduction methods is considered to form a
dc-side hybrid harmonic reduction method.

Fig. 23 is a series-connected 36-pulse rectifier with dc side
hybrid HRC [42], this circuit is designed based on the passive
HRC presented in Fig. 1, one more switch and a diode is added
into the original passive HRC. The output currents of the two
three-phase rectifiers are still six-pulse waveforms, so that the
current difference is a triangular wave with a frequency of 6f;.
When taking the zero-crossing moment of the triangle wave
current as the center point to design conduction angle of the
bidirectional switch, a three-step wave can be generated on the
primary side of the single-phase transformer. Finally, a 36-step
input voltage is obtained. The THD value of the input current
reduces to ~2% in experiment.

Fig. 24 is a series-connected 36-pulse rectifier with dc side
hybrid HRC which is constructed based on the passive HRC
shown in Fig. 14 [43]. A new-added bidirectional switch is
connected in parallel with the primary side of the harmonic
injection transformer. After using this method, the THD value
of the AC side input current reduces to 1.2%, the capacity of the
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TABLE VII
COMPARISONS ON THE MPRS WITH DC-SIDE ACTIVE HRCs
Fig. No Pulse THD Applications | Advantages Disadvantages
& o Number PP & &
Fig. 17 (a) 36 5.09% (u) o . . .
. switching frequencies for the main control circuit is more
. 3.16% (u) | high voltage .. o
Fig. 17 (b) 60 . . circuit and HRC are f; and 6f;; complex with increases of
0.09% (i) | occasions - .
- total switching losses are quite low. | pulse number
Fig. 17 (c) 60 1% (u)
Fig. 18 (a) 24 / need two sets of single-
Fig. 18 (b) 36 / phase transformers; load
ipple factor is higher than
HVDC easy to expand to more pulse PP orts 1g. '
current source rectifiers;
. . systems number L
Fig. 18 (¢) multi-pulse  / control circuit is more
complex with increases of
pulse number.
aluminum
reﬁn.ing, phase difference of the input the carrier frequency is
. . traction currents and voltage sources can be .
Fig. 19 24 3.57% (i) . . 10kHz and switching power
substation, eliminated; can degrade to 12-pulse ) is hich
is hi
and AC rectifier when the HRC is fault. osses 1S g
drive.
almost eliminate all harmonics;
lower voltage rating of the DC side
i near to .
Fig. 20 / . PWM modulator; no requirement
sinewaves " . . o
HVDC for additional single-phase may cause high switching
systems transformer. power losses
achieve unity power factor; high-
Fig. 21 / 0.84% (i) quality current/voltage at both sides
of the rectifier.
high-power
industry,
vehicle no requirement for additional
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36-pulse current source rectifier with hybrid HRC (half-isolated

48-pulse current source rectifier with hybrid HRC.

phase-shifting transformer).

single-phase transformer is only 1.9% of the load power, and
the RMS value of the current flowing through the bidirectional
switch is only 1.5% of the load current, so that the harmonic
injection circuit only accounts for a small part of the load power.

Fig. 25 is a 48-pulse rectifier with dc side hybrid HRC which
combines the active bidirectional switch with the dual passive
harmonic reduction method [44]. As mentioned before, there
are six operation modes of the dual passive HRC per cycle,
in order to keep the cycle-symmetry, two modes when switch
is turned on are added into the original six modes. Therefore,
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TABLE VIII
COMPARISONS ON THE MPRS WITH DC-SIDE HYBRID HRCS
Fig. No Pulse THD Applications | Advantages Disadvantages
& o Number PP g &
4 329%w) high-power onlly u§e one switch, lower
Fig. 23 36 . . . switching losses, easy control, can
2%(i) rectifications . .. .
provide galvanic isolation.
DC railway requires control and drive
Fig, 24 36 1.2%() system, the frequency of the swtih operates circ‘uitry with sensin.g
HVDC at 6f; and have a low rating devices to synchronize the
transmission. operation of the switch
more electric lower kVA ratings of additional
Fig. 25 48 3.74%(u) aircraft single-phase transformers which are
i
0.5% and 1.4% of load power
2.36% for
24-pulse HVDC L
. L. do not use injection transformer; . .
Fie. 26 / operation transmission, can provide hieh quality input high power losses in PWM
ig. 3% igh quali u
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Fig. 26.  Multipulse current source rectifier with hybrid HRC.

there are eight operation modes of the hybrid HRC. The switch
conduction angle is still centered on the zero-crossing point
of the current difference. The level number of the voltage u4;
and u 49 is changed from four to five, which contributes to the
formation of the 48-step input voltage. The overall VA-rating
of the two harmonic injection transformers is 1.9% of the load
power and the RMS value of the current flowing through the
switch is only 1% of the load current.

Fig. 26 shows a series MPR with a hybrid harmonic injection
circuit [45]. This hybrid HRC is composed of four diodes and
a switching tube, which can be equivalent to a bidirectional
switch. When the driving signal of the switch is a pulse signal
at a frequency of 12f; and with a duty cycle of 0.5, the rectifier
works in the 24-pulse rectification state. When the driving signal
of the switch is a high-frequency pulse signal with pulse width
modulation, the rectifier works in the multilevel PWM rectifica-
tion state, and the THD value of the input current is decreased
to 1.06%. This method uses a bidirectional switch instead of
a single-phase injection transformer, which reduces the weight
and volume of the system to a certain extent.

In this section, some simulation results are presented to ver-
ify harmonic reduction mechanisms and compare properties of
some aforementioned topologies. All simulation models estab-
lished in this part are used A/A/Y isolated transformer with turns
ratio of 3v/3:4/3: 1; the RMS values of the three-phase voltage
sources are 220V; the filter inductors are 20 mH; the dc side
capacitors are 3300 pF; load type of current source MPRs is
resistive load (60 €2), and load type of voltage source MPR is
R-L load (100 mH, 60 €); all simulation results are obtained
under optimum turns ratio and conductive angle design.

Table IX gives harmonic contents in input voltages and input
currents of the current source 12-, 24- and 36-pulse MPRs.
Figs. 27 and 28 are simulation results of current and voltage
source 24-pulse rectifiers with dc side passive HRCs, respec-
tively. Fig. 29 presents simulation results of the 12-pulse rectifier
with dc side active HRC. Besides, to do comparisons, Fig. 30 are
results of the 36-pulse rectifier with hybrid HRC. Based on the
above simulation results, it can be obtained that the following.

1) For the MPRs with dc side passive/hybrid HRCs, the

main current/voltage harmonics in the N-pulse rectifier are
(Nk=£1)th, kis a positive integer. The THD value decreases
with the increasing of the pulse number, and the harmonic
content decreases with the increase of the harmonic order.
For the voltage source N-pulse rectifier, the input voltages
are pure sine waves and the input currents have N steps.
For the current source N-pulse rectifier, the input voltage
of the phase-shifting transformer has N steps, the harmonic
orders in input currents are consistent with that in input
voltages, their variation trends are also maintaining syn-
chronization. Using passive HRC or combining switches
with passive HRC are useful for improving ac side power
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Fig. 27. Simulation results of the current source 24-pulse rectifier shown in Fig. 1. (a) Input voltage uan1. (b) Spectrum of the input voltage uan1. (¢) Input
current i, (d) Spectrum of the input current i, (e) Load voltage u 4. (f) Load current i,
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Fig. 28.  Simulation results of the voltage source 24-pulse rectifier shown in Fig. 16. (a) Input current i, (b) Spectrum of the input current i, (c) Load voltage
ug. (d) Load current i,
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TABLE IX
HARMONIC CONTENTS OF CURRENT SOURCE MPRS

Pulse Figure Harmonic Contents (1¥=100%) THD
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Simulation results of the current source 12-pulse rectifier shown in Fig. 19. (a) Input current i,. (b) Spectrum of the input current i, (c) Load voltage

Simulation results of the current source 36-pulse rectifier shown in Fig. 23. (a) Input voltage uan1. (b) Spectrum of the input voltage uan1. (c) Input
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quality, the input current THD value can be reduced to
1.25% after using hybrid HRC.

2) For the 12-pulse rectifier with dc side active HRC, the
phase difference caused by the ac filtering inductors is
eliminated, the input current is close to sinusoidal waves
with the THD value of ~1.95%.

3) For current source MPRs, due to the filter effect of the
dc side capacitors, the load voltage can be seen as a
constant value; under resistive load conditions, the load
current is also constant. Therefore, they are suitable for
occasions with high power quality requirements. For the
voltage source 24-pulse rectifier, under large inductive
load conditions, the load current is constant; however,
the load voltage has 24 pulses per power cycle and the
ripple coefficient is higher, which has properties just as a
parallel-connected rectifier.

In addition to the linear load, MPRs are often connected to
nonlinear load in practical applications, such as dc/dc or dc/ac
converters.

For the voltage source rectifier, an LC filter must be added
between the MPR and the dc/dc or dc/ac converter. Based on
the operation modes of the circuit and the expected filtering
effect, the proper LC parameter can be determined. Under the
appropriate LC parameter setting, the power quality of the ac
side input current can be kept in an ideal state. Similarly, for the
current source rectifier, the value of dc filter capacitor is one of
the most important parameters that affect the power quality of
the MPR under load changes. Combining the operation mode
and load parameters, the value range of the capacitor can be
determined, and the power quality of the MPR can be controlled
in an ideal state under the appropriate capacitor value.

VII. CONCLUSION

This article is focused on dc side harmonic reduction mech-
anism research and useful harmonic reduction method compar-
isons on the series-connected MPRs. The main contributions of
this article are concluded as follows.

1) The operation modes of the series-connected 12-pulse
rectifier before and after using dc side passive/active har-
monic reduction methods are detailed presented in this
article, from pulse number increasing and current modu-
lating processes, mechanisms of passive/active harmonic
reduction methods are determined, which are foundations
for understanding and constructing novel MPRs.

2) Many useful dc link HRCs are investigated and com-
pared in this article from viewpoint of harmonic reduc-
tion ability, complexity of implement, suitable occasions,
efficiency and reliability; their operation principles, cor-
responding advantages and disadvantages are comprehen-
sively clarified. This article has not been done in previous
papers.

3) Based on some specific topologies, the simulation models
have been built to verify the reasonability of the HRC
design. From the verification results, the characteristics of
each kind of harmonic reduction methods are confirmed
and concluded.
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Each harmonic reduction method has its own advantages and
drawbacks, when doing choices or designing novel topologies,
on the premise of meeting power quality requirements, a reason-
able tradeoff should be considered between circuit properties and
design complexity of MPRs. All above works are expected to
provide useful guidelines for designers and researchers to select
or design suitable MPRs under needed occasions with optimum
characteristic.

With oriented of harmonic reduction mechanisms, and based
on previous dc side HRCs, the development trends of MPRs de-
sign will towards higher power quality, power density, efficiency
and reliability, lower complexity and losses. Considering that the
current source rectifiers can provide high power quality on both
ac and dc sides, the novel series-connected MPR design should
pay more attention to the current source rectifiers. Currently,
most of the proposed series-connected MPRs take the isolated
or half-isolated transformer as the phase-shifting transformer, in
future research, autotransformer design for the series-connected
MPRs should become one of the key points that helps to improve
the power density. Compared with active or hybrid harmonic
reduction methods, the passive harmonic reduction methods are
much easier to realize. If passive HRCs are combined with a
basic topology with higher pulse number, better ac side power
quality can be obtained. Moreover, the fault tolerance and novel
control methods research should also be done in future. These
researches are useful for improving the overall performance of
MPRs.
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