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Abstract—In order to improve the harmonic reduction ability
of 12-pulse rectifier, an active interphase reactor (AIPR) and cor-
responding auxiliary circuit are often used to produce circulating
current resulting in harmonic reduction. This paper analyzes the
load adaptability of 12-pulse rectifier with AIPR. The loads are
classified into three types, RL-type load, RC-type load, and RLC-
type load. Load currents and circulating currents are calculated
under different load types. According to the calculation results,
the THD of input line current and ripple coefficient of load volt-
age are also described by figures under RL-type load and RLC-
type load. The appropriate amplitude of the circulating current
under RL-type load and the LC filter under RLC-type load are pre-
sented. Simulation and experimental results validate the theoretical
analysis.

Index Terms—Active harmonic reduction, active interphase re-
actor, load adaptability, 12-pulse rectifier.

I. INTRODUCTION

B ECAUSE of its simple configuration, low EMI, high reli-
ability, reduced harmonics of input line current, and low

ripple of load voltage, multipulse rectifiers (MPR) are widely
used in high power rectification [1], [2]. Among MPRs, 12-pulse
rectifier is the most popular because its phase-shift transformer
has the simplest winding configuration and the highest power
density. However, the THD of input line current in 12-pulse rec-
tifier is 15.2% under large inductive load which does not meet
the requirement of the harmonics standard [3]. Therefore, how
to reduce the harmonics generated by the diode bridges to an
acceptable level is a hot topic in MPR research.

In MPRs, pulse number determines the harmonic reduction
ability. Therefore, increasing pulse number is one of the design
goals in MPR [4]. In general, there are two methods to increase
pulse number. One is to augment the output phase number of
phase-shift transformer which may increase the winding num-
ber and further leads to low power density [5], [6]. Another is
to use active or passive harmonic reduction device at the dc or
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ac mains of MPR to increase pulse number [4], [6]–[16]. For
example, in [8] and [11], Choi et al. and Lee et al. proposed
a 12-pulse rectifier using an AIPR at dc side to eliminate har-
monics of input line current, respectively. Besides the 12-pulse
rectifier with AIPR, there are other 12-pulse rectifiers with the
auxiliary circuit of active harmonic reduction at dc side [10],
[14], [16]–[23]. In [14], Bai et al. proposed a 12-pulse rectifier
with current sources formed by two buck-boost converters; in
[16], Biela et al. proposed a 12-pulse rectifier with a two-switch
boost stage to improve sinusoidal input current. The essence of
active harmonic reduction at dc side of the 12-pulse rectifier
is to use the active devices producing a circulating current to
reduce harmonics. Therefore, the circulating current affects the
harmonic reduction ability.

The ideal amplitude of the circulating current is half of the
instantaneous load current. However, in application, almost all
of the analysis about 12-pulse rectifier with active or passive
harmonic reduction device is based on large inductive load [3]–
[12]. Under large inductive load, load current is assumed to be
constant which is very convenient for theoretical analysis. To set
the 12-pulse rectifier with AIPR as an example, under large in-
ductive load, the amplitude of the circulating current generated
by the auxiliary circuit is half of load current, and the load ripple
current is not taken into consideration. Therefore, the amplitude
of the circulating current is determined by the load current, and
furthermore, is determined by the load types. However, in dif-
ferent application fields, the load types of MPR are different.
For example, in engineering application, the more common is
that a large capacitor is connected in parallel with the load [6],
[13], which can be considered as a RLC-type load. Even though
for the inductive load, the load smoothing inductance is also
rigorously restricted. Therefore, when the circulating current
designed under the large inductive load is applied to different
load types, the harmonic reduction ability may be affected to
some degree. In addition, the load voltage of the MPR using
active reduction method usually contains 12 pulses in one cy-
cle, which is not affected by the circulating current. However,
if the amplitude of the circulating current is greater than half
of the instantaneous load current, the bridge rectifiers conduct
discontinuously, which inevitably worsens the power quality of
the load voltage. When the circulating current designed under
the large inductive load is applied to different load types, it is
possible that the amplitude of the circulating current is greater
than half of the instantaneous load current.

To set the 12-pulse rectifier with AIPR as an example, this pa-
per analyzes the effect of circulating current on the input line cur-
rent under different load types, and proposes some specific meth-
ods about how to ensure the power quality of ac and dc mains.
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Fig. 1. Twelve-pulse rectifier with active interphase reactor.

Especially, for the RL-type load, we propose a new amplitude
of circulating current to avoid discontinuous conduction of the
bridge rectifiers; and for the RLC-type load, we design a LC
filter to ensure the power quality of ac and dc mains. Because
the essence of the MPRs using active reduction method is the
same, the analysis of load adaptability in this paper is suitable
to other MPRs.

II. ANALYSIS OF LOAD ADAPTABILITY

A. Principle of Active Harmonic Reduction in MPR

The 12-pulse rectifier with AIPR is illustrated in Fig. 1. In
Fig. 1, a delta-connected autotransformer is used to produce two
groups of three-phase voltages with 30° phase-shift angle to feed
the two diode rectifiers. A zero sequence blocking transformer
(ZSBT) exhibits high impedance to zero-sequence currents and
can ensure the independent operation of the two rectifiers. The
kVA ratings of the autotransformer and ZSBT are about 25%
and 7.6% of load power, respectively [11].

Compared with the interphase reactor, the AIPR has an addi-
tional secondary winding connected in series with an auxiliary
circuit. By controlling the input current of the auxiliary circuit,
the output currents of two bridge rectifiers are modified actively,
and the input line current of MPR is shaped further as sine wave
[8], [9], [11], [14].

Fig. 2 illustrates the relation among the input and output
currents of diode bridge rectifiers, the input and output voltages
of diode bridge rectifiers, the input line current of 12-pulse
rectifier, the load voltage and the circulating current ip under
large inductive load. Under large inductive load, the THD of
input line current is about 1%.

From Fig. 2, load voltage ud is calculated as

ud = Ud

(
1 −

∞∑
n=1

2
144n2 − 1

cos nπ cos 12nωt

)
(1)

where Ud is load average voltage.
From Fig. 2, the circulating current ip meets

ip = Id

∞∑
n=1

4
n2π2 sin

3nπ

2
sin 6nωt (2)

where Id is load average current, and it meets

Id =
Ud

R
. (3)

Fig. 2. (a) Input voltages of diode bridge rectifier I. (b) Input voltages of
diode bridge rectifier II. (c) Input currents of the two diode bridge recti-
fiers. (d) Output currents of the two diode bridge rectifiers. (e) Load voltage.
(f) Circulating current. (g) Input line current.

Fig. 3. Equivalent circuit of RL-type load.

B. RL-Type Load

The load can be equivalent to an inductor connected in series
with a resistor in induction heating system [15]. Fig. 3 illustrates
the equivalent circuit. Because the inductance is finite, the load
current ripple cannot be filtered completely.

Load current is determined by load voltage and load
type. From expression (1) and Fig. 3, load current is
calculated as⎧⎪⎨

⎪⎩
id = Id

[
1 −

∞∑
n=1

2 cos(nπ) cos(12nωt − ϕ)
(144n2 − 1)

√
1 + (12nωL/R)2

]

ϕ = arctan(12nωL/R).

(4)

From Fig. 1, output currents of the two bridge rectifiers can
be expressed as {

id1 = 0.5id + ip

id2 = 0.5id − ip .
(5)
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Fig. 4. Circulating current and half of load current under RL-type load when
the ratio of ωL to R is zero.

Substituting expressions (2) and (4) into (5), the currents id1
and id2 are calculated as equation (6) as shown at the bottom of
the page

From expressions (4) and (6), the currents id , id1 , and id2 are
determined by the ratio of ωL to R. In application, load smooth-
ing inductance is restricted. Therefore, the load current contains
ripples inevitably, and has a minimum in one cycle which is less
than the circulating current designed under large inductive load.
When the circulating current designed under large inductive load
is used, from (5), the output currents of the two bridge rectifiers
are less than zero theoretically; and in practical operation, the
bridge rectifiers conduct discontinuously, and the output current
of the bridge rectifiers are zero, which affects the power quality
of load voltage even though the discontinuous conduction du-
ration is very short. Therefore, the circulating current designed
under large inductive load is not suitable to the RL-type load.

When the ratio of ωL to R is zero, the ripple of load current is
maximal, and the minimum of the load current is less than that
of the load current when the ratio of ωL to R is not equal to zero.
Fig. 4 illustrates the circulating current and half of load current
when the ratio is zero. It is observed that the circulating current
near the wave crest is greater than half of load current, as shown
in magnified region of Fig. 4. When the ratio of ωL to R is zero,
the load is resistive, which is a special case of RL-type load and
is the best case to show that the circulating current designed
under large inductive load is not suitable.

Controlling the amplitude of the circulating current to be
less than or equal to the minimum of half of load current may
ensure that the bridge rectifiers operate under continuous or
critical continuous condition. When L = 0, the ripple of load
current is maximal, and load current has a minimum idmin . If
the amplitude of the design circulating current is controlled to
be equal to the half of idmin , output currents of the two bridge
rectifiers can be ensured to be continuous when L varies from
zero to infinite.

Fig. 5. (a) Relation between the THD of input line current and the ratio of ωL
to R under RL-type load. (b) The relation between the ripple coefficient and the
ratio of ωL to R under RL-type load.

When L = 0, load current is

id = Id

[
1 −

∞∑
n=1

2 cos(nπ) cos(12nωt)
(144n2 − 1)

]
. (7)

The minimum of the load current is calculated as

idmin = 0.977Id . (8)

Hence, the amplitude ipm of the circulating current should
meet

ipm = 0.5 × 0.977Idav = 0.489Idav . (9)

The required circulating current may be expressed as

ipx = 0.977Id

∞∑
n=1

4
n2π2 sin

3nπ

2
sin 6nωt. (10)

When the circulating current meets expression (10), the
bridge rectifiers operate under continuous condition for RL-type
load.

The ripple coefficient of load current can be defined by

kd =
id max − id min

2Id
(11)

where idmax is the maximum of load current.

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

id1 =
Id

2

[
1 +

∞∑
n=1

8
n2π2 sin

3nπ

2
sin 6nωt −

∞∑
n=1

2 cos(nπ) cos(12nωt − ϕ)
(144n2 − 1)

√
1 + (12nωL/R)2

]

id2 =
Id

2

[
1 −

∞∑
n=1

8
n2π2 sin

3nπ

2
sin 6nωt −

∞∑
n=1

2 cos(nπ) cos(12nωt − ϕ)
(144n2 − 1)

√
1 + (12nωL/R)2

] (6)
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Fig. 6. Equivalent circuit of RC-type load.

Fig. 7. Circulating current and half of load current when ωRC = 0.1.

Fig. 5 illustrates the effect of load parameter (ratio of ωL to
R) on THD of input line current, and ripple coefficient of load
current.

From Fig. 5, the ripple coefficient decreases as the ratio of ωL
to R increases. Conversely, THD of input line current increases
as the ratio increases. When ratio is equal to zero, the ripple
coefficient is maximum, and the THD is minimum. When the
ratio reaches a certain value, THD is stable around 1, and ripple
coefficient is about 0.06%.

Therefore, reducing slightly the amplitude of the circulating
current not only can ensure the normal operation of bridge rec-
tifiers, but also can ensure harmonic reduction ability of the
12-pulse rectifier with AIPR under RL-type load.

C. RC-Type Load

When a large capacitor is connected in parallel with load, the
load can be equivalent as RC-type, as shown in Fig. 6.

For RC-type load, load current is calculated as equation (12)
as shown at the bottom of the page

Fig. 7 illustrates the circulating current and half of load cur-
rent when the circulating current meets expression (2) and ωRC
is equal to 0.1. It is observed that discontinuous operation time
interval of bridge rectifier is longer than that of the resistive load.

Fig. 8. Equivalent circuit of RLC-type load.

Fig. 9. Circulating current and half of load current for RLC-type load when
ωRC is 6, and the ratio of ωL to R is 0.01.

With the increase of capacitance, the ripple amplitude of half
of load current also increases resulting in the increase of dis-
continuous conduction time. Although reducing the amplitude
of the circulating current can ensure the continuous conduction
of bridge rectifiers, considerably decreasing the amplitude may
depress harmonic reduction ability. Therefore, the circulating
current designed under large inductive load is not suitable for
the RC-type load.

D. RLC-Type Load

Due to the leakage inductance of magnetic devices, such as
autotransformer and AIPR, there is no RC-type load in practical
application. Most of load can be equivalent to be the RLC-
type load, as shown in Fig. 8. For example, when load is a
high-power dc–dc converter, or a dc–ac converter, a LC filter is
connected to the output side of MPR at the front of converter.
If the converter is connected in parallel with capacitor directly,
the leakage inductance of magnetic devices can be viewed as
the load inductance L. Therefore, the equivalent circuit shown
in Fig. 8 is commonly used in application, and can be viewed as
a resistance connected with a LC filter.

⎧⎪⎨
⎪⎩

id = Id [1 −
∞∑

n=1

2
√

1 + (12nωRC)2

144n2 − 1
cos(nπ) cos(12nωt − ϕ)]

ϕ = − arctan(12nωRC).

(12)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

id = Id

[
1 −

∞∑
n=1

2 cos(nπ) cos(12nωt − ϕ)
√

1 + (12nωRC)2

(144n2 − 1)
√

[(1 − (12nω)2LC)]2 + (12nωL/R)2

]

ϕ = arctan
[

12nωL/R

1 − (12nω)2 LC

]
− arctan(12nωRC)

(13)
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Fig. 10. THD and ripple coefficient for RLC-type load under different ratios
of ωL to R. (a) THD of input line current when ωRC = 6. (b) Ripple coefficient
of load current when ωRC = 6. (c) THD of input line current when ωRC = 0.6.
(d) Ripple coefficient of load current when ωRC = 0.6.

When load voltage meets expression (1) for the RLC-type
load, load current is calculated as equation (13) as shown at the
bottom of the previous page

From expression (13), load current ripple is correlative with
the load parameter ωRC and the ratio of ωL to R. Fig. 9 illustrates
the circulating current and half of load current when ωRC is
equal to 6, and the ratio of ωL to R is 0.01. In Fig. 9, owing
to the phase-shift effect of LC filter on load current ripple, the
wave crest of circulating current and half of load current do
not intersect. Therefore, if the circulating current is controlled
to meet expression (2), the bridge rectifiers can operate under
continuous condition.

Fig. 10 illustrates the THD of input line current and ripple
coefficient of load current under different ratios of to ωL to
R. When the ratio is less, load current ripple is more resulting
in more harmonic of input line current. With the increase of
the ratio, ripple coefficient of load current decreases, and the
THD also decreases rapidly. When the ratio reaches a certain

Fig. 11. (a) Relation between the THD of input line current and the ratio of
ωL to R under RLC-type load. (b) The relation between the ripple coefficient
and the ratio of ωL to R under RLC-type load.

interval, the ripple coefficient keeps on decreasing, but the THD
maintains about 1%.

Fig. 10 indicates that the LC filter affects the THD and ripple
coefficient. Although a large inductance L filter may increase
the cost and size, resulting in less harmonics of input line current
and load current ripple. In addition, from Fig. 2, the circulat-
ing current produced by the auxiliary circuit only affects the
input line current of MPR, but does not affects the load voltage.
Therefore, in order to ensure the power quality of load side, it
is also necessary to install a LC filter.

From Fig. 2, load voltage is dc voltage with 12 pulses. There-
fore, LC filter is required to ensure that the voltage across ca-
pacitor does not contain 12 times low-frequency ripple. The LC
filter should meet

1
2π

√
LC

� 600 Hz. (14)

Generally, output side of LC filter is connected with a high-
power high-frequency dc–dc converter or a dc–ac converter.
Therefore, the capacitance C should be large enough to eliminate
the high-frequency voltage ripple.

Assume that the low-frequency voltage ripple across the ca-
pacitor is zero, twelve times ac component of load voltage will
be across the inductor L. The voltage across the inductor L meets

uL = L
did
dt

= −Ud

∞∑
n=1

2
144n2 − 1

cos nπ cos 12nωt. (15)

Load current is calculated as

id =
Ud

R
− Ud

ωL

∞∑
n =1

1
6n(144n2 − 1)

cos nπ sin 12nωt

= Id

[
1 − R

ωL

∞∑
n =1

1
6n(144n2 − 1)

cos nπ sin 12nωt

]
. (16)

From expression (16), load current id is only related to load
resistance R and load inductance L. According to expressions
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Fig. 12. Control block diagram of the proposed MPR with two-stage auxiliary circuit.

(2), (5), and (16), Fig. 11 illustrates the THD of input line current
and ripple coefficient of load current under different ratios of
ωL to R.

From Fig. 11, when the ratio is less than 0.1, both the THD
and ripple coefficient are large. When the ratio is greater than
0.2, the THD is reduced to about 1%. Although continually
increasing the ratio can decrease the ripple coefficient, it has
little effect on the THD.

The inductance L is determined by the kVA rating of MPR.
For the load with a fixed power, the inductance L can be chosen
conveniently according to the requirement of THD and ripple
coefficient. When resistance R increases, the ratio of ωL to R
decreases correspondingly, which causes the increase of the
THD and ripple coefficient inevitably. Although the reasonable
inductance L can ensure the less THD value for RLC-type load
under related output power, variation of output power may cause
negative effect on input line current and load current. Therefore,
in order to ensure the harmonic reduction ability when the output
power varies in a large range, it is necessary to choose a large
inductance L.

Summarily, the LC filter can be designed as follows. First,
choose the capacitance C large enough to delete the high-
frequency voltage ripple. Afterward, ascertain the range of in-
ductance L according to expression (14), and then choose an
appropriate inductance L according to the requirement of THD
when output power varies.

III. SIMULATION AND EXPERIMENTAL VALIDATION

OF LOAD ADAPTABILITY

In order to validate the aforementioned theoretical analysis,
some simulation and experimental results are presented in this

TABLE I
PARAMETERS OF THE MPR AND AUXILIARY CIRCUIT

Parameter Value

Load voltage Ud 400 V
Load current Id 16 A
Input line voltage U 280 V
Line frequency 50 Hz
Output power Po 6.4 kW
Turn ratio of AIPR 1:1
The front stage inductor L s 1 mH
The front stage switching frequency 50 kHz
The back stage inductor Lb 350 μH
The back stage switching frequency 50 kHz

A. Auxiliary Circuit

There are several topologies which are able to realize the
function of auxiliary circuit. For example, in [8], Choi et al.
proposed an auxiliary circuit with a single-phase half bridge
PWM rectifier. The single-phase half bridge PWM rectifier can
be considered as a single-stage auxiliary circuit, and it has sim-
ple control circuit, fast dynamic response, good stability. How-
ever, some shortcomings of the single-stage auxiliary circuit
were observed in application. In the single-stage auxiliary cir-
cuit, the input current of the PWM rectifier is proportional to
load current, and its output voltage is passively equal to the load
voltage. Therefore, input current of the rectifier and its output
voltage interact with each other, and it is difficult to obtain the
required circulating current when the input voltage of MPR,
or load current varies. In [11], Lee et al. proposed a two-stage
auxiliary circuit with a diode bridge rectifier and a single-phase
boost PFC to control the amplitude and phase of circulating cur-
rent, respectively. However, because the diode bridge rectifier is
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Fig. 13. kVA rating of the magnetic devices. (a) kVA rating of ZSBT. (b) Winding op of the primary winding. (c) Winding oq of primary winding. (d) The
secondary winding.

uncontrolled, the input current of the auxiliary circuit cannot be
controlled precisely. Therefore, when the input voltage of MPR,
or load current varies, it is also difficult to precisely obtain the re-
quired circulating current. In order to avoid the aforementioned
shortcomings, in this paper, we propose a two-stage auxiliary
circuit which is the combination of PWM converter and boost
converter, as shown in Fig. 12. In Fig. 12, the front stage of the
auxiliary circuit is a PWM rectifier, and the back stage is a Boost
converter. The front stage contains a current control loop, which
is only used to obtain the required circulating current precisely.
When load current or input voltages changes suddenly, the cur-
rent transformer detects the change, and sends the new current
signal into multiplier (AD532) to produce the corresponding
synchronous reference triangular wave signal accordingly. The
error between the detected circulating current and the reference
signal is sent into the PI controller, and the output signal of
PI controller is sent into PWM chip (UC3637) and drive chip
(IR2110) to produce the drive signal to drive the PWM recti-
fier. The PWM rectifier regulates the amplitude of circulating
current to ensure the harmonic content in a low level.

The back stage contains a voltage control loop, which is used
to control the output voltage of the front stage to be equal to the
load voltage. The voltage reference signal of the back stage is
calculated according to the input voltage and input current of
MPR, and voltage across the secondary winding of active IPR.
The peak current controller (UC3846) adjusts the output signal
of the PI regulator and current sample signal of MOSFET Sb to
produce the PWM signal. The PWM signal is send to drive chip
TLP250 to drive the MOSFET.

Although the energy conversion efficiency of the two-stage
auxiliary circuit may be reduced due to the application of
the two stages circuit, effect of power losses resulting from
the two-stage auxiliary circuit on energy conversion coefficient
of MPR is minor because the kVA rating of the two-stage aux-
iliary circuit is only 3% of output power of MPR.

An experimental setup is built to verify the theoretical anal-
ysis and function of the proposed two-stage auxiliary circuit.
Table I shows the parameters of the MPR and auxiliary circuit
for experiment.

B. KVA Rating of the ZSBT, IPR, and the Delta-Connected
Autotransformer

The autotransformer, active IPR, and ZSBT are the main mag-
netic decvices of MPR. When the auxiliary circuit is applied, the
circulating current may affects the kVA rating of the magnetic
device. Fig. 13(a) shows the voltage across and current through

Fig. 14. KVA rating of the autotransformer. (a) TWinding ab. (b) Winding
aa1.

the ZSBT. The kVA rating of ZSBT is about 480 VA accounting
for 7.5% of output power.

Fig. 13(b)–(d) shows the voltage across and current through
the windings of active IPR. From Fig. 13(b)–(d), the kVA rating
of AIPR is calculated as

SAIPR = 0.5 × (144 + 126 + 130)

= 200 VA ≈ 3.1%Po . (17)

In Fig. 13(d), the amplitudes of the voltage and current are
about 49 V and 8 A, respectively. The current and voltage are
symmetrical triangular wave with frequency 300 Hz, and are
in phase. The kVA rating of the secondary winding is 130 VA
accounting for only about 2% of output power, which indicates
about 130 VA harmonic power is absorbed by the auxiliary
circuit through the secondary winding.

Fig. 14 illustrates the voltage across and current through
the winding of autotransformer. Assume that the autotrans-
former is symmetrical, the kVA rating of the autotransformer is
calculated as

Stran = 0.5 × (3 × 374 + 6 × 340)

= 1581 VA ≈ 24.7%Po . (18)

From (18), the kVA rating of the autotransformer is about
24.7% of output power. Therefore, the total kVA of the three
devices is 35.3% of output power. Table II shows the comparison
of the kVA ratings of the three magnetic devices in the 12-pulse
rectifier and 12-pulse rectifier using AIPR.

From Table II, after using the auxiliary circuit, the kVA ratings
of the all three magnetic devices increases. Because the auxiliary
circuit only modulates the current, but not affects the voltage, the
increase of kVA rating is due to the increase of current through
the windings.
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TABLE II
COMPARISON OF KVA RATING OF THE MAGNETIC DEVICE IN THE 12-PULSE

RECTIFIER AND 12-PULSE RECTIFIER USING AIPR (EXPERIMENTAL RESULTS)

System Transfomer ZSBT AIPR

Using AIPR 24.7%Po 7.5% Po 3.1% Po

Not using AIPR 18.4%Po 6.61% Po 2.04% Po

Fig. 15 Input line current and its spectrum. (a) Ratio of ωL to R is zero, THD
= 0.2%. (b) Ratio of ωL to R is 0.1, THD = 0.8%. (c) Ratio of ωL to R is 1,
THD = 1.1%. (Simulation results).

TABLE III
HARMONICS COMPARISON OF THE 12-PULSE RECTIFIER USING THE PROPOSED

AUXILIARY CIRCUIT UNDER DIFFERENT RATIOS OF ωL TO R
(SIMULATION RESULTS)

Ratio of ωL to R 11th 13th 23rd 25th THD

0 0.0020 0.0015 0.0006 0.0005 0.2%
0.1 0.0042 0.0066 0.0006 0.0026 0.8%
1 0.0045 0.0086 0.0002 0.0030 1.1%

C. Simulation and Experimental Results for RL-Type Load

Fig. 15 illustrates the input line current and their spectrums
for RL-type load under different ratios of ωL to R, and Table III
shows the harmonics normalized by the fundamental compo-
nents. When simulating, the amplitude of circulating current is
controlled to meet expression (10). Fig. 15 indicates that THD
of input line current increases as the inductance L, but the THD
is small always. The results also indicate indirectly that load
current ripple has positive effect on harmonic reduction of in-
put line current for RL-type load. The consistence of simulation
result and theoretical analysis shows the 12-pulse rectifier with
AIPR is suitable for RL-type load.

Fig. 16. Input line current and its spectrum under RL-type load. (a) 12-pulse
rectifier. (b) 12-pulse rectifier with the proposed auxiliary circuit. (Experimental
results).

TABLE IV
HARMONICS COMPARISON OF THE 12-PULSE RECTIFIER AND THE 12-PULSE

RECTIFIER USING THE PROPOSED AUXILIARY CIRCUIT UNDER RL-TYPE LOAD

(EXPERIMENTAL RESULTS)

5th 7th 11th 13th 23rd 25th THD

AIPR 0 0 0.002 0.011 0.001 0.004 1.3%
12-pulse 0.020 0.018 0.084 0.068 0.030 0.016 10.5%

Fig. 17. THD comparison of the 12-pulse rectifier with two-stage and single-
stage auxiliary circuit.

When load inductance L is equal to 12 mH, Fig. 16(a) and
(b) shows the input line current and its spectrum of the 12-pulse
rectifier without and with the auxiliary circuit, respectively; and
Table IV shows their comparison of harmonic content normal-
ized by fundamental component. When the proposed auxiliary
circuit is used, the harmonics in input line current is eliminated
effectively.

Fig. 17 illustrates THD comparison of the 12-pulse rectifier
using two-stage and single-stage auxiliary circuit when load cur-
rent changes from 4 to 16 A. The experimental results indicate
the proposed MPR has good load adaptability to variation of
output power.

When the load rsistance is changed from 80 to 40 Ω, Fig. 18
illustrates the system dynamic response when load current
changes suddenly from 5 to 10 A. In Fig. 18, the lines from
top to bottom are average load current, input line current, and
input current of the auxiliary circuit, respectively. From Fig. 18,
the time response is about 30 ms.
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Fig. 18. System dynamic response when load current changes suddenly.

Fig. 19. Voltage across the capacitance C.

D. Simulation and Experimental Results for RLC-Type Load

Under the same load average voltage and load resistance, the
simulation for RLC-type load is carried out. When simulating,
load resistance R is 25 Ω, inductance L is 12 mH, and capacitance
C is 1125 μF. It is calculated that the ratio of ωL to R is 0.15,
and 1/2π

√
LC ≈ 43 Hz � 600Hz. Fig. 19 shows the voltage

across the capacitance C. It is observed from Fig. 19 that the
twelve times voltage ripple is filtered completely.

Whenthe load resistance changes, Fig. 20 illustrates the input
line current and its spectrum under the same LC filter, and
Table V shows their comparison of harmonic content normalized
by fundamental component.

Fig. 20(a) indicates that the LC filter can ensure the harmonic
reduction ability under the related output power. Fig. 20(b) and
(c) illustrates the input line currents and spectrums under half
load and quarter load, respectively, which indicate both the THD
and ripple coefficient increase as the output power decreases.
Although a larger inductance L means better load adaptability
to variation of ouput power, the least inductance L should be
designed in application according to the requirement of THD.
Therefore, appropriate LC filter can ensure the proposed MPR
has good performance.

Fig. 21 illustrates THD comparison of the 12-pulse rectifier
using the two-stage and single-stage auxiliary circuit when load
current changes from 4 to 16 A. When the resistance is 25 Ω (the
related output power), the THD is about 1.3%. However, load
current ripple increases as load resistance increases, which may
depress the harmonic reduction ability of the proposed MPR.

Fig. 20. Input line current and its spectrum. (a) Ratio of ωL to R is 0.1, THD
= 1.3%. (b) Ratio of ωL to R is 0.05, THD = 2.0%. (c) Ratio of ωL to R is
0.025, THD = 3.5%.

TABLE V
HARMONICS COMPARISON OF THE 12-PULSE RECTIFIER USING THE PROPOSED

AUXILIARY CIRCUIT UNDER DIFFERENT RATIOS OF ωL TO R FOR RLC-TYPE

LOAD (SIMULATION RESULTS)

Ratio of ωL to R 11th 13th 23rd 25th THD

0.1 0.0067 0.0118 0.0012 0.0041 1.3%
0.05 0.0128 0.0149 0.0017 0.0043 2.0%
0.025 0.0251 0.0235 0.0028 0.0050 1.1%

Fig. 21. THD of input line current under different load currents for RLC-type
load.

Therefore, compared with the RL-type load, the proposed MPR
cannot maintain the THD in a low level for RLC-type load when
load resistance varies. In order to keep the THD when load
resistance varies in a large range, it is necessary to design a
large inductance according to Fig. 11.

From Fig. 21, the experimental results indicate the proposed
MPR has good load adaptability to variation of output power
under the RLC-type load.
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IV. CONCLUSION

This paper analyzes the load adaptability of 12-pulse rectifier
with AIPR. Some conclusions are obtained as follows:

1) Under RL-type load, if the circulaitng current designed
under large inductive load is applied, the two diode bridge
rectifiers conduct discontinuously, which depresss the
power quality of load voltage. To ensure the continuous
conduction of the two diode bridge rectifiers, the ampli-
tude of the circulating current should be equal to half of
minimum of load current when the load is purely resistive.

2) The active harmonic reduction of MPR is not suitable to
RC-type load.

3) For RLC-type load, the load inductance L and load capac-
itance C are considerd as a LC filter. In order to obtain
the required system performance, the load inductance L
should be determined by the ratio of ωL to load resistance
under slight load.

4) A 12-pulse rectifier using two-stage auxiliary circuit is
proposed. Compared with the 12-pulse rectifier using
single-stage auxiliary circuit, the proposed rectifier has
better load adaptability and harmonic elimination ability.
Some simulation and experiment are carried out to verify
the correctness of theoretical analysis under RL-type load
and RLC-type load.
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