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Abstract. An Active Inter-Phase Reactor (AIPR) is often employed to inject triangle
current to improve the input current quality of double-star diode recti�er. Due to the
existing leakage inductance of transformer, the input current harmonics suppression ability
of the injected triangle current would be weakened. In this paper, the current commutation
process of the double-star diode recti�er with AIPR is analyzed initially. Then, according
to the relation between the input current and output current of the double-star transformer,
the relation between the leakage inductance and the input line current of double-star diode
recti�er with AIPR is established. Such factors like the input current THD, the input
current lag angle, and power factor of the double-star diode recti�er with AIPR as well
as their relations with the leakage inductance are also obtained. The theoretical analysis
demonstrates that leakage inductance increases the input current THD and lag angle. It
indicates that leakage inductance decreases the displacement factor and power factor. To
ensure the input current THD is less than 5% and the power factor is more than 0.998,
the leakage inductance factor, KLS , should be less than 0.22. Simulation results verify the
theoretical analysis.
© 2017 Sharif University of Technology. All rights reserved.

1. Introduction

Diode recti�ers are widely used due to their ruggedness,
simplicity, and low price [1,2]. However, they draw
distorted currents from the ac supply and do not
meet the requirements of the harmonics standard [3,4].
Therefore, researchers have explored a variety of meth-
ods to reduce the input line current distortion of diode
recti�ers in recent decades [5-26]. Compared with other
harmonic reduction methods, because of the small kilo-
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Volt Ampere (kVA) rating of auxiliary current injection
circuit and excellent harmonic reduction ability, the
method of active harmonic reduction at dc side is
suitable for high power applications and has drawn
more and more attention [16-26].

In [18], the concept of Active Inter-Phase Reactor
(AIPR) was proposed in 12-pulse diode recti�er. The
low-kVA (2% Po) active auxiliary circuit injects a
triangular current into the extra winding of the AIPR.
The resulting system draws near sinusoidal input cur-
rents with less than 1% THD. In [19], the method to
reduce the ac-side harmonics of series-connected 12-
pulse diode recti�er utilizing dc-side active auxiliary
circuit formed by two buck-and-boost converters is
presented. The auxiliary circuit is placed parallel to
each six-pulse recti�er bridge to inject current and
shape the recti�er output current. The resulting THD
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is below 5% and the kilovolt ampere rating of auxiliary
circuit is less than 15% Po. In [20], an AIPR scheme to
achieve near sinusoidal input line currents for a 24-pulse
converter is proposed. The proposed AIPT scheme
consists of three IPTs and a current-controlled inverter
with rating required to be only 1.16% of the system
power rating. In [21], a double-star diode recti�er
with an auxiliary PWM recti�er is also presented. It
draws near sinusoidal utility line currents with less
than 5% THD. Besides the introduced dc-side active
current injection schemes, the authors in [22-26] also
proposed diode recti�ers with an auxiliary current
injection circuit at dc-side.

However, those dc-side active current injection
schemes were not concerned with the e�ects of leakage
inductance of transformer. In the high power applica-
tions, the e�ects of the leakage inductance of trans-
former are more serious and should not be ignored.
In order to clarify the e�ects of leakage inductance of

transformer on the input current, this paper sets the
double-star diode recti�er with AIPR as an example
and the e�ects of leakage inductance of transformer on
the input current are analyzed in depth. Due to the
essence of the diode recti�ers, the same active current
injection reduction method is used; the analysis of
the e�ects of leakage inductance of transformer on the
input current can be extended to other diode recti�ers
with active current injection circuit.

2. Theoretical analysis

2.1. The double-star diode recti�er with AIPR
Figure 1 shows the double-star diode recti�er with
AIPR. Compared with the conventional double-star
diode recti�er, the Inter-Phase Reactor (IPR) is re-
placed by the AIPR. The AIPR consists of the speci�c
IPR with an additional secondary winding and a small-
kVA active auxiliary circuit. The active auxiliary

Figure 1. The double-star diode recti�er with AIPR.
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circuit consists of the auxiliary PWM recti�er and the
buck conventer. The auxiliary PWM recti�er injects
the triangle current into the double-star diode recti�er
to shape the distorted input line current as sine wave
approximately. The buck converter is used to feed the
harmonic power absorbed by single PWM recti�er to
the load. In Figure 1, the output voltage reference
of auxiliary PWM recti�er is designed according to
the input voltage of auxiliary PWM recti�er and the
load current. The output voltage control loop of the
auxiliary PWM recti�er is employed to maintain the
output voltage as the output voltage reference, which
helps the auxiliary PWM recti�er to inject the required
triangle current accurately. When the harmonic power
absorbed by single PWM recti�er changes, the output
voltage of auxiliary PWM recti�er changes; then, the
output signals of voltage simple and PI regulators
change; the duty cycle of buck converter is adjusted
correspondingly. It indicates that the harmonic power
fed to the load is changed. Finally, output voltage of
the auxiliary PWM recti�er is adjusted and maintained
as the output voltage reference.

The injected triangle current, is, meets:

is =
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where Id is the average output current of the double-
star diode recti�er, and m is the turn ratio between the
secondary and primary windings of the speci�c IPR.

In Figure 1, La1, Lb1, Lc1, La2, Lb2, and Lc2
are the equivalent leakage inductances of double-star
transformer. The values of leakage inductance are
assumed to be the same. That is:

La1 = Lb1 = Lc1 = La2 = Lb2 = Lc2 = LS : (2)

The double-star diode recti�er is supplied by a bal-
anced three-phase voltage system:8>>>><>>>>:

ua = Um sin(!t)

ub = Um sin(!t� 2�=3)

uc = Um sin(!t+ 2�=3)

(3)

where Um is the amplitude of input phase voltage.
Assuming that the turn ratio of double-star trans-

former is 1:k, the output voltages of secondary-winding
double-star transformer are:8>>>><>>>>:

ua1 =
p

3Um
k sin(!t+ �=6)

ub1 =
p

3Um
k sin(!t� �=2)

uc1 =
p

3Um
k sin(!t+ 5�=6)

(4)

8>>>><>>>>:
ua2 =

p
3Um
k sin(!t� 5�=6)

ub2 =
p

3Um
k sin(!t+ �=2)

uc2 =
p

3Um
k sin(!t� �=6)

(5)

According to the Kirchho�'s current law and the
Ampere-turns balance law of the transformer, the input
current of the double-star recti�er is:8>>>><>>>>:

ia = 1
k (ia1 � ia2 + ic2 � ic1)

ib = 1
k (ib1 � ib2 + ia2 � ia1)

ic = 1
k (ic1 � ic2 + ib2 � ib1)

(6)

2.2. Current commutation process of the
double-star diode recti�er with AIPR

When the triangle current, is, is injected into the ad-
ditional secondary winding of the speci�c IPR, output
currents of two three-phase half-wave recti�ers are:

id1 =
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(8)

where p = 0; 1; 2. From Eqs. (7) and (8), it is noted
that as a result of the modulation of the triangle
current, is, output currents of two three-phase half-
wave recti�ers are critical continuous, which make the
current commutation process of the double-star diode
recti�er with AIPR di�erent from that of the conven-
tional double-star diode recti�er. Figure 2 illustrates
the main waveforms of the double-star diode recti�er
with AIPR under large inductive load.

In Figure 2, due to the leakage inductance, Ls,
the current commutation of double-star diode recti�er
with AIPR has not been completed instantaneously;
this a�ects the input line current. To analyze the
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Figure 2. Main waveforms of the double-star diode
recti�er with AIPR: (a) The injected triangle current, (b)
output currents of two three-phase half-wave recti�ers, (c)
input voltages of three-phase half-wave recti�ers, (d) input
currents of three-phase half-wave recti�ers, and (e) input
line currents of double-star diode recti�er with AIPR.

e�ects of the current commutation on the input cur-
rent in details, we introduced the current commuta-
tion process of double-star diode recti�er with AIPR
�stly. Figure 3 illustrates the main waveforms of the
new current commutation from diode Da1 to diode
Db1.

In Figure 3, when !t < 2�=3, the input voltage
ua1 is more than the input voltage ub1, the diode Da1
has been conducted and 
own into the current id1,
current ia1 is equal to id1, and current ib1 is zero.
At !t = 2�=3, the input voltage ua1 is equal to the
input voltage ub1, the currents ia1 and id1 decrease
to zero exactly, diode Da1 is switched o�, and Db1
is conducted automatically. When !t > 2�=3, the
input voltage ua1 is less than the input voltage ub1,
the diode Db1 is conducted and 
own into the current
id1, and current ib1 is equal to id1. The current
ib1 builds up from zero through diode Db1 and a
voltage drop is produced by the current ib1 in Lb1.
Then, a forward-bias voltage appears across diode Da1
and diode Da1 is conducted again. Diode Da1 and
diode Db1 are conducted simultaneously and current

Figure 3. Main waveforms of new current commutation
from diode Da1 to diode Db1: (a) Input voltages of
three-phase half-wave recti�er, (b) output currents of
three-phase half-wave recti�er, (c) currents though diode
Da1 and diode Db1, and (d) voltage across La1 and Lb1.

commutation process is produced. During the current
commutation interval, diode Da1 and diode Db1 are
conducted at the same time and the input voltages
ua1 and ub1 are shortened through La1 and Lb1. The
current commutation process from diode Da1 to diode
Db1 is completed when current ib1 is equal to the output
current id1.

From the above analysis, it is noted that the time
of commutation beginning is decided only by the input
voltages ua1, ub1 and the output current id1; thus,
the voltage drops on diodes do not a�ect the time of
commutation beginning.

In Figure 3, during the current commutation
interval, the double-star diode recti�er with AIPR
meets:8<:ua1 � La1

dia1
dt = ub1 � Lb1 dib1dt

id1 = ia1 + ib1
(9)

From Eq. (9), it is noted that during the current
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commutation interval, the voltage drops on diodes do
not a�ect the current wave.

Solving Eq. (9), the currents ia1 and ib1 are
obtained as:8>><>>:

ia1 = 3Id
2�
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�
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+
p

6U2
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�
1�cos

�
!t� 2�

3

�� (10)

where U2 is the RMS value of input phase voltage of
three-phase half-wave recti�er and Xs = !Ls is the
leakage inductive reactance of transformer.

Considering that current ib1 changes from 0 to
id1 in the current commutation interval, the relation
between the overlap angle � and the circuit parameters
can be obtained:

3�XBId =
p

6U2�(1� cos�): (11)

In Eq. (11), the overlap angle � is proportional to
the leakage inductance of transformer and dc output
current, but it is inversely proportional to the output
voltage of the double transformer.

2.3. E�ects of the leakage inductance on the
input current

According to Eq. (6) and Figure 1, in order to es-
tablish the expression between the leakage inductive
of transformer and input current, the expression of
output currents of double-star transformer should be
calculated �rstly.

From Eqs. (7) and (10), by combining the phase
relation between the currents ia1 and ib1, the output
current ia1 of double-star transformer can be obtained
as:

ia1 =
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Since the principle of six times current commutation is
identical in one-line period, according to the phase rela-
tion among output currents of double-star transformer,
which is shown in Figure 4, the output currents of
double-star transformer ia2, ic1, and ic2 are calculated
as:

Figure 4. The phase relation among output currents of
double-star transformer.

ia2 =
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Substituting Eqs. (12)-(15) into Eq. (6), the input
current, ia, is:

ia =
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The Root-Mean-Square (RMS) value and the funda-
mental harmonic of the input current ia are calculated
as shown in Box I.

�1 is the input current lag angle, and it meets
Relation (20) as shown in Box II. To establish the
relation between the input current and the leakage
inductances of transformer in a general method, we
de�ne the leakage inductance factor KLs as:

KLs =
Xsp
6U2

2Id

: (21)

Based on the relation between the overlap angle and
the circuit parameters shown in Eq. (11), the leakage
inductance factor, KLs, is equal to 1 when the overlap
angle is equal to the maximum value 60�.

According to the de�nition of the input current
THD, combing Eqs. (19), (20), and (11), the input
current THD of double-star diode recti�er with AIPR
has been calculated. Figure 5 illustrates the input
current THDs of the conventional double-star diode
recti�er and the double-star diode recti�er with AIPR
when the leakage inductance factor, KLs, changes from
0 to 1.

In Figure 5, it is clear that the e�ects of leakage
inductance on the input current THDs of conventional
double-star diode recti�er and double-star diode rec-
ti�er with AIPR are di�erent. With the increase in

Figure 5. Relation between the input current THD and
the leakage inductance factor KLs.

IaRMS =
p
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:
(19)

Box I
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�1 = arctan
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p
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!
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Box II

leakage inductance factor KLs, the input current THD
of conventional double-star diode recti�er decreases,
but it increases in the double-star diode recti�er with
AIPR. It is noted that the input current THDs of
conventional double-star diode recti�er and double-star
diode recti�er with AIPR are the same when leakage
inductance factor, KLs, equals 0.83. It indicates
that the double-star diode recti�er with AIPR cannot
reduce the input current harmonics when the leakage
inductance factor KLs is more than 0.83.

To ensure that the input current THD of double-
star diode recti�er with AIPR meets the standards of
IEEE-519 and IEC 1000-3, it should be less than 5%.
In Figure 5, the leakage inductance factor, KLs, is
equal to 0.22 when the input current THD is 5%; thus,
the design of double-star transformer should make the
leakage inductance factor, KLs, less than 0.22.

Combing Eqs. (20) and (11), the relation between
the input current lag angle, �1, and the leakage
inductance factor, KLs, is obtained. Figure 6 shows the
input current lag angles of the conventional double-star
diode recti�er and the double-star diode recti�er with
AIPR when the leakage inductance factor KLs changes
from 0 to 1.

In Figure 6, compared with the conventional
double-star diode recti�er, the input current lag angle
�1 produced by the leakage inductance of transformer
is reduced e�ectively by the AIPR. It indicates that
the double-star diode recti�er with AIPR has the
smaller input current lag angle, �1, and the higher
displacement factor. With the increase in leakage
inductance factor KLs, the input current lag angle,

Figure 6. Relation between the input current lag angle,
�1, and the leakage inductance factor, KLs.

Figure 7. Relation between the power factor and the
leakage inductance factor, KLs.

�1, of double-star diode recti�er with AIPR increases.
When the leakage inductance factor, KLs, equals 0.22,
the input current lag angle, �1, is only 0:36�.

Figure 7 illustrates the power factors of the
conventional double-star diode recti�er and the double-
star diode recti�er with AIPR when the leakage induc-
tance factor, KLs, changes from 0 to 1.

In Figure 7, with increase in leakage inductance
factor KLs, the power factors of conventional double-
star diode recti�er and double-star diode recti�er with
AIPR decrease. Compared with the conventional
double-star diode recti�er, the double-star diode rec-
ti�er with AIPR has high power factor. The power
factor of the double-star diode recti�er with AIPR is
more than 0.985 when leakage inductance factor, KLs,
changes from 0 to 1.

3. Simulation results

In order to demonstrate the e�ects of leakage in-
ductance on its input current, the double-star diode
recti�er with AIPR is simulated in Saber software. The
circuit parameters of double-star recti�er with AIPR
for simulation are given in Table 1. The simulation
results are shown in Figures 8-12.

Figure 8 illustrates the input voltages of the
three-phase half-wave recti�er, the output current of
the three-phase half-wave recti�er, and the currents
through diode Da1 and diode Db1 when the leakage
inductance Ls is 0 and 1.18 mH (corresponding leakage
inductance factor KLs = 0:8), respectively.

In Figure 8, it is clear that due to the leakage
inductance Ls, the current commutation of double-
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Table 1. Parameters of double-star diode recti�er with AIPR for simulation.

Symble Description Valuep
3Um Line-to-line utility voltage in RMS 380 V

f Frequency of utility voltage 50 Hz

k Turns ratio of the primary and the secondary windings of the doubel-star transformer T1 10:1

VD Voltage drop on diode 0.7 V

L Load �ltering inductance 15 mH

Id Output current 100 A

fc Current injection circuit switching frequency 40 kHz

Ls Current injection circuit input �ltering inductance 1200 �H

C1 Current injection circuit output �ltering capacitance 1470 �F

fb Buck converter switching frequency 40 kHz

Lf Buck converter output �ltering inductance 10 mH

m Turns ratio of the primary and secondary windings of the AIPR 1:2

Figure 8. The input voltages of the three-phase half-wave recti�er, the output current of the three-phase half-wave
recti�er, and the currents through diode Da1 and diode Db1: (a) The leakage inductance Ls = 0, and (b) the leakage
inductance Ls = 1:18 mH.

Figure 9. The input voltage, the input current, and the spectrum of input current of double-star diode recti�er with
AIPR: (a) The leakage inductance Ls = 0, and (b) the leakage inductance Ls = 1:18 mH.
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Figure 10. The input current THD of double-star diode
recti�er with AIPR under di�erent leakage inductance
conditions.

Figure 11. The input current lag angle �1 of double-star
diode recti�er with AIPR under di�erent leakage
inductance conditions.

Figure 12. The power factor of double-star diode recti�er
with AIPR under di�erent leakage inductance conditions.

star diode recti�er with AIPR cannot be completed
instantaneously; the current commutation from diode
Da1 to diode Db1 takes place under new current
commutation mode.

Figure 9 illustrates the input voltage, the input
current, and the spectrum of input current of double-
star diode recti�er with AIPR when the leakage in-
ductance Ls is 0 and 1.18 mH (corresponding leakage
inductance factor KLs = 0:8), respectively.

Comparing Figure 9(a) and Figure 9(b), it is obvi-
ous that the leakage inductance Ls leads to increase in
the input current harmonics. The input current THD
increases from 4.6% to 10.5%, which is consistent with
the theoretical analysis. Due to the leakage inductance
Ls, the input current lag angle �1 also increases from
0 to 2:5�.

According to the de�nition of the leakage induc-
tance factor KLs, under the simulation parameters
shown in Table 1, the relation between the leakage
inductance, Ls, and the leakage inductance factor,
KLs, is obtained as:

Ls = 1:49KLs (mH): (22)

From Eq. (22), the leakage inductance, Ls,
changes from 0 to 1.49 mH when the leakage inductance
factor, KLs, changes from 0 to 1.

To correspond to Figure 5, Figure 10 illustrates
the input current THD of double-star diode recti�er
with AIPR under di�erent leakage inductance condi-
tions.

In Figure 10, it is clear that with increase in
leakage inductance Ls, the input current THD in-
creases. The simulation results are consistent with the
theoretical analysis in Figure 5. When the leakage
inductance Ls is less than 327 uH (corresponding
leakage inductance factor KLs = 0:22), the input
current THD is less than 5%.

To correspond to Figure 6, Figure 11 shows
the input current lag angle �1 of double-star diode
recti�er with AIPR under di�erent leakage inductance
conditions.

In Figure 11, it can be seen that the leakage in-
ductance, Ls, leads to increase in the input current lag
angle �1. It indicates that the leakage inductance Ls
reduces the displacement factor of double-star recti�er
with AIPR.

To correspond to Figure 7, Figure 12 shows the
power factor of double-star diode recti�er with AIPR
under di�erent leakage inductance conditions.

In Figure 12, with increase in leakage inductance
Ls, the power factor of double-star diode recti�er with
AIPR decreases slightly; it is not less than 0.985 when
the leakage inductance Ls changes from 0 to 1.49 mH.
Compared with conventional double-star diode recti-
�er, the double-star diode recti�er with AIPR operates
under almost unity power factor condition.
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4. Conclusion

In this paper, the e�ects of leakage inductance of
transformer on the input line current of the double-
star recti�er with AIPR are analyzed in depth. The
theoretical analysis results indicate that the leakage
inductance of transformer leads to increase in the
input current harmonics of the double-star recti�er
with AIPR, and the input current THD is greater than
5% when the leakage inductance factor KLs is more
than 0.22. The leakage inductance of transformer also
increases the input current lag angle of the double-
star recti�er with AIPR. It indicates that leakage
inductance of transformer decreases the displacement
factor. In order to ensure that the double-star diode
recti�er with AIPR meets the requirements of the har-
monics limitation standard and operates under almost
unity displacement factor and power factor, the leakage
inductance factor KLs of the double-star transformer
should be less than 0.22.

Owing to the essence of the diode recti�ers,
the same active current injection reduction method is
used. The analysis method for the e�ects of leakage
inductance of transformer on the input current in this
paper can be extended to analyze other diode recti�ers
with active current injection circuit, such as 12-pulse
diode recti�er with active current injection circuit.
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