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A Simple 24-Pulse Rectifier Employing an Auxiliary
Pulse-Doubling Circuit
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and Qiming Chen, Member, IEEE

Abstract—A simple 24-pulse rectifier that provides low-
harmonic utility power interface is proposed in this article. The
proposed 24-pulse rectifier consists of a 12-pulse rectifier using a
zigzag phase-shifting transformer and an auxiliary pulse-doubling
circuit (APDC). Two auxiliary diodes in the APDC extract specific
rectangular currents from the dc side of the rectifier to modulate
and increase the output states of three-phase rectification bridges
first, and then the 12-pulse rectifier is extended to a 24-pulse
rectifier in accordance with the current relationship between ac and
dc sides. The main low-order harmonics, such as 11th and 13th, are
reduced markedly from the input line current and the proposed
rectifier draws near-sinusoidal input line currents with less than
5% THD from the utility. The maximum current flowing through
the two auxiliary diodes in APDC is only 3.4% of the load current
and the capacity of APDC is only 3.06% of the output power.
Thus, the proposed scheme is inexpensive and easy to implement
and has a simple circuit configuration. Theoretical analyses were
experimentally verified using a 1.7-kW experimental prototype.

Index Terms—Harmonics, multipulse rectifier, power quality,
pulse doubling.

I. INTRODUCTION

THE 12-pulse rectifier has the advantages of simple circuit
structure, high reliability, low cost, and low electromag-

netic interference. It is often used as the interface between
electrical equipment and power grid in high-power occasions,
such as ship electric propulsion, urban rail power supply, metal
smelting, and power supply to aircraft systems. However, when
the 12-pulse rectifier is employed alone, it produces a large
number of harmonics, which bring harmonic pollution to the
power grid and affect the normal operation of other electrical
equipment [1], [2].

Various harmonic suppression schemes are proposed to effec-
tively reduce the current harmonics generated by the 12-pulse
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rectifier. They mainly include two kinds: one is to install pas-
sive and active filters on the ac side of the 12-pulse rectifier
to compensate harmonics [3]–[5]. The passive filter has the
advantages of simple structure, easy implementation, and low
cost. However, its harmonic compensation ability is limited and
it could only compensate for some characteristic harmonics. The
harmonic suppression performance of an active power filter is
good but the control is complex and the cost is high. The other
one is to transform the structure of the 12-pulse rectifier for it to
produce less or no harmonics [6]–[20]. In [11], the output current
of the 12-pulse rectifier is modulated by a series of switch devices
directly behind the rectifier bridge and the harmonics of the input
current are significantly suppressed. However, two switching
devices are directly connected in series in the load path, resulting
in large current stress and switching loss. In [12]–[14], the active
inter-phase reactor (AIPR) scheme was proposed to lower the
input current harmonics of the 12-pulse rectifier. The input line
current harmonics is effectively reduced by the injected triangle
current generated by an AIPR. This method has a good harmonic
suppression effect but the control of AIPR is relatively complex
and it does not improve the output voltage. Increasing the pulse
number of the rectifier is one of the most effective methods to
suppress the input current harmonics and output voltage ripple
at the same time. In [15]–[17], several 18-, 20-, and 24-pulse
rectifiers were given by further increasing the output voltage
phase number of the phase-shifting transformer. Compared with
the 12-pulse rectifier, the above-mentioned rectifiers showed
effectively decreased output voltage ripple and THD of the input
line current. However, the structure of the phase-shifting trans-
former becomes more complex and the number of components is
doubled, which increases the complexity and cost of the rectifier.
A 24-pulse rectifier based on a double-tap changer was proposed
to multiply the pulse number of the rectifier without increasing
its complexity. It multiplies the pulse number of the rectifier
from 12 to 24. This method has the advantages of simple circuit
structure, high reliability, and easy implementation; however,
the additional diodes on the tap are connected in series with
the load and the total currents through two additional auxiliary
diodes are 100% load currents. The current stress and conduction
losses of the two additional auxiliary diodes are high [18]–[20].
A series-connected 24-pulse rectifier based on dc-side voltage
injection is presented in [21] to effectively reduce the current
stress and additional conduction loss of the auxiliary diodes in
the tap changer. It modulates the output voltage state of the
rectifier bridge by injecting square-wave voltage into the dc side
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of the rectifier. Then, in accordance with the voltage relationship
between the ac and dc sides of the rectifier, the number of steps
of the input voltage is increased to 24 steps, which contributes
to the reduction for the harmonics of the input line current.
This method has the advantages of simple circuit structure,
low current stress of the auxiliary diode, and high reliability,
but it belongs to the method of doubling the number of input
voltage steps of the rectifier. It must connect three sufficiently
large inductors in series on the input side, which will not only
increase the volume of the rectifier, weight, and cost, but also
reduce the displacement factor (DF) of the rectifier, and make
the output characteristics of the rectifier very soft. When the
load current changes, the output voltage cannot be stabilized at
a constant value. In [22], a 24-pulse 4-star rectifier with an aux-
iliary single-phase full-wave rectifier (ASFWR) on the dc side is
proposed. It modulates and increases the output current states of
the rectifier through the alternate conduction of auxiliary diodes
in the ASFWR. The number of steps of the input current of the
rectifier is increased to 24 according to the relationship between
the ac- and dc-side currents, which effectively suppresses the
harmonics of the input line current. The current flowing through
the auxiliary diode is only 3.4% of the load current because the
ASFWR is connected in parallel with the load. The current stress
and the additional conduction loss generated by the auxiliary
diodes are effectively reduced. However, more magnetic devices
(two phase-shifting transformers, two conventional interphase
reactors (IPRs), and a special IPR) are required, and the special
IPR needs center-tapped secondary windings, which increase the
cost and complexity of the rectifier. In [23], a 36-pulse ac–dc
converter with a tapped interphase bridge rectifier on the dc
side is proposed. The auxiliary diodes in the tapped interphase
bridge rectifier alternately conduct, modulate, and increase the
level of the output current of the rectifier. Then, on the basis
of the relationship of ac- and dc-side currents, the number of
steps of the input current of the rectifier is increased to 36 steps,
further suppressing the input current harmonics. However, the
tapped interphase bridge rectifier has a complicated structure; it
requires the addition of a secondary winding with a center tap.
Two auxiliary diodes in the tapped interphase bridge rectifier are
connected in series in the load path; thus, they bear high-current
stress and produce large additional conduction loss.

To effectively reduce the input line current THD and the
current stress of the auxiliary diodes and further simplify the
structure of the pulse multiplication circuit, this article proposes
a 24-pulse rectifier with a new auxiliary pulse-doubling circuit
(APDC). The proposed scheme has the following advantages.

1) The proposed 24-pulse rectifier is robust and simple to im-
plement owing to its passive nature and few components.

2) Only a low capacity (3.06% Pd) APDC is sufficient to
extend the conventional 12-pulse rectifier to a simple
24-pulse rectifier. Thus, the proposed scheme is a cost-
effective and highly efficient solution to harmonic pollu-
tion.

3) Compared with the double-tap changer scheme, the cur-
rent stress of the additional auxiliary diodes is effectively
reduced (from Id to 3.4% Id) as the two auxiliary diodes
in APDC are in parallel with the load, hence the lower
additional conduction loss.

Fig. 1. Proposed 24-pulse rectifier with APDC at dc side.

4) When one of the auxiliary diodes in APDC has an open-
circuit fault, the proposed APDC scheme still has a certain
harmonic suppression capability and the proposed rectifier
works as a quasi-18 pulse rectifier.

II. CIRCUIT TOPOLOGY AND ITS WORKING PRINCIPLE

A. Proposed 24-Pulse Rectifier With APDC

Fig. 1 shows the proposed 24-pulse rectifier with APDC at
the dc side.

As shown in Fig. 1, in addition to the APDC, the other parts of
the proposed 24-pulse rectifier have a uniform structure, with the
12-pulse rectifier using a zigzag phase-shifting transformer. The
APDC is made up of a modified IPR (M-IPR) and two auxiliary
diodes (Dm1 and Dm2). Diodes Dm1 and Dm2 are connected in
parallel with the load. This special connection aims to signifi-
cantly reduce the current stress and additional conduction losses
of Dm1 and Dm2. In addition, Dm1 and Dm2 in APDC conduct
alternately and extract two specific rectangular currents from
the dc side to modulate and increase the output currents and
voltages state of the three-phase rectification bridges Rec1 and
Rec2. Then, the 12-pulse rectifier is extended to a new 24-pulse
rectifier in accordance with the current relationship between ac
and dc sides and the voltage relationship on the dc side.

In Fig. 1, to realize 30° phase shifting, the turn ratio of the
primary and secondary windings of the zigzag phase-shifting
transformer meets

N : N11 : N12 : N21 : N22

=
√
3 : k :

√
3− 1

2
k : k :

√
3− 1

2
k. (1)
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Fig. 2. Winding structure of M-IPR in APDC.

Fig. 3. Working modes of the proposed rectifier. (a) O mode. (b) N mode.
(c) P mode.

Fig. 2 shows the winding structure of M-IPR in APDC.
For the convenience of later analysis, the tap position turn

ratio m of M-IPR in Fig. 2 is defined as

m =
NM1O

NAB
=

NOM2

NAB
=

um

up
. (2)

B. Operating Modes of the Proposed 24-Pulse Rectifier

In Fig. 1, in accordance with the relationship between the
winding voltage um of M-IPR in APDC and load voltage ud, the
proposed 24-pulse rectifier has three working modes: O mode,
N mode, and P mode. The circuit diagram under the different
modes is shown in Fig. 3.

O Mode: When |um|<ud, APDC works in O mode [see
Fig. 3(a)]. In this mode, the auxiliary diodes Dm1 and Dm2

in APDC are reverse-biased and OFF, and the currents flowing
through Dm1 and Dm2 are im1 = im2 = 0. At this time, the
proposed rectifier works as the conventional 12-pulse rectifier.
The load in Fig. 1 is a large inductive load, and the load current
id can be considered as a constant value Id.

According to Kirchhoff’s current law (KCL) and magnetomo-
tive force (MMF) equations of APDC, the relationship between
output currents id1 and id2 of Rec1 and Rec2 and load current
id is obtained as

id1 = id2 =
1

2
id =

1

2
Id. (3)

According to Kirchhoff’s voltage law (KVL), the relationship
between output voltage ud1 and ud2 of Rec1 and Rec2 and load
voltage ud is

ud =
ud1 + ud2

2
. (4)

N Mode: When um > ud, the APDC operates in N mode [see
Fig. 3(b)]. In this case, the auxiliary diode Dm1 in APDC is
reverse-biased and switched OFF, whereas the auxiliary diode

Dm2 is switched ON and its current im2 > 0. Rec1 is turned ON

and its output current id1 > 0. Meanwhile, Rec2 is turned OFF,
and its output current id2 = 0. In terms of KCL and the MMF
equations of APDC, the relationship amongst current id, im2,
and id is obtained as

{
id1 · NAB

2 = im2 ·NOM2

id1 + im2 = id = Id.
(5)

Substituting (2) into (5), id1 and im2 are obtained as{
id1 = 2m

2m+1Id

im2 = 1
2m+1Id.

(6)

According to KVL, the relationship between voltage ud, ud1,
and ud2 is {

ud1 − NAB

2NM1O
ud = ud

ud1 − NAB

NM1O
ud = ud2.

(7)

Substituting (2) into (7), the voltages ud and ud2 are{
ud = 2m

2m+1ud1

ud2 = 2m−1
2m+1ud1.

(8)

P Mode: When −um > ud, the APDC operates in P mode
[see Fig. 3(c)]. At this point, the auxiliary diode Dm2 in ADPC
is reverse-biased and switched OFF, whereas the auxiliary diode
Dm1 is switched ON and its current im1 > 0. Rec2 is turned ON

and its output current id2 >0. Meanwhile, Rec1 is turned OFF

and its output current id1 = 0. In accordance with KCL and the
MMF equations of APDC, the relationship amongst current id2,
im1, and id is {

id2 · NAB

2 = im1 ·NM1O

id2 + im1 = id = Id.
(9)

Substituting (2) into (9), the currents im1 and id2 are obtained
as {

id2 = 2m
2m+1Id

im1 = 1
2m+1Id.

(10)

According to KVL, the following relationship between the
voltages ud, ud1, and ud2 is:{

ud2 − NAB

2NOM2
ud = ud

ud2 − NAB

NOM2
ud = ud1.

(11)

Substituting (2) into (11), the voltages ud and ud1 are obtained
as {

ud = 2m
2m+1ud2

ud1 = 2m−1
2m+1ud2.

(12)

The above analysis shows that in accordance with the relation-
ship between winding voltage um and load voltage ud, the APDC
operates in different modes. The output current and voltage
modes of Rec1 and Rec2 are added first, and then the pulse
number of the rectifier is doubled. Fig. 4 shows the essential
waveforms (under optimal turn ratio) of the proposed rectifier.
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Fig. 4. Essential waveforms of the proposed rectifier. (a) Current im2 flowing
through Dm2. (b) Rectangular current is (is = im1+im2) extracted by APDC
from the dc side. (c) Output current id1 of Rec1. (d) Input current ia1 of Rec1.
(e) Input current iA of the proposed 24-pulse rectifier. (f) Output voltage ud of
the proposed 24-pulse rectifier.

III. CRITICAL AND OPTIMAL TURN RATIO OF M-IPR IN APDC

A. Critical Turn Ratio of M-IPR in APDC

From Fig. 1 and the working modes of the rectifier, if the
maximum value of the winding voltage |um| of the M-IPR is
less than the minimum value of the load voltage ud, the auxiliary
diodes Dm1 and Dm2 in APDC are reverse-biased. The proposed
rectifier operates as a conventional 12-pulse rectifier. Therefore,
to guarantee that APDC works normally, the maximum value
of the winding voltage |um| of the M-IPR must be greater than
the minimum value of the load voltage ud. Since the winding
voltage |um| is determined by the turn ratio of M-IPR, the turn
ratio that makes the auxiliary diodes Dm1 and Dm2 in APDC
can conduction is the critical turn ratio of M-IPR. The critical
turn ratio of M-IPR is analyzed as follows.

When the diodes Dm1 and Dm2 in APDC are not conducting,
the proposed rectifier works as a 12-pulse rectifier. Set the input
voltage of the rectifier as

⎧⎨
⎩

uA = Um sin(ωt)
uB = Um sin(ωt− 2π/3)
uC = Um sin(ωt+ 2π/3)

(13)

where Um is the amplitude of the input phase voltage of the
rectifier.

Fig. 5. Waveform of winding voltage |um | and load voltage ud. (a) Winding
voltage |um |. (b) Load voltage ud.

According to the rectifier structure shown in Fig. 1, the load
voltage ud can be obtained as

ud=

⎧⎪⎨
⎪⎩

Y1kUm cos(ωt− hπ
3 ) ωt ∈ [hπ3 , hπ

3 + π
12 ]

Y1kUm cos(ωt− π
6 − hπ

3 ) ωt ∈ [hπ3 + π
12 ,

hπ
3 + π

4 ]

Y1kUm cos(ωt− π
3 − hπ

3 ) ωt ∈ [hπ3 + π
4 ,

hπ
3 + π

3 ]
(14)

where Y1 = 3
4 (1+

√
3) and h = 0,1,2,3, …

The winding voltage um of M-IPR is

um=

⎧⎪⎨
⎪⎩

mkY2Um sin(ωt− hπ
3 ) ωt ∈ [hπ3 , hπ

3 + π
12 ]

mkY2Um sin(ωt− π
6 − hπ

3 ) ωt ∈ [hπ3 + π
12 ,

hπ
3 + π

4 ]

mkY2Um sin(ωt− π
3 − hπ

3 ) ωt ∈ [hπ3 + π
4 ,

hπ
3 + π

3 ]
(15)

where Y2 = 3
2 (
√
3− 1) and h = 0,1,2,3, …

According to (14) and (15), the waveforms of the load voltage
ud and the winding voltage |um| of M-IPR can be obtained
as shown in Fig. 5(a) and (b). When ωt = π/12, ud gets the
minimum value and |um| reaches the maximum value.

The M-IPR turns ratio that makes the diodes Dm1 and Dm2

in APDC conduct on satisfies

ud

∣∣
ωt= π

12
< m |up|

∣∣
ωt= π

12
. (16)

Substitute (14) and (15) into (16), we get

m >
7 + 4

√
3

2
= 6.964. (17)

From (17), the critical turns ratio m of M-IPR that enables
diodes Dm1 and Dm2 in APDC conduct on is 6.964. It indicates
that when the M-IPR turns ratio m is less than or equal to 6.964,
the rectifier works as a 12-pulse rectifier, and the THD of the
input line current is maintained at 15.15%. When the turn ratio
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m of M-IPR is greater than 6.964, APDC will produce a pulse-
doubling effect.

B. Optimal Turn Ratio of M-IPR in APDC

When the turn ratio m of M-IPR is greater than 6.964, the
proposed rectifier operates under the three working modes men-
tioned above. From the analysis for the working modes, it is
noticed that the output voltages of Rec1 and Rec2 are closely
related to the turn ratio m of M-IPR in APDC and the turn ratio
m directly affects the input current waveforms of the proposed
rectifier. This section establishes the mathematical relationship
between the turn ratio m of M-IPR and the input line current to
suppress the input current harmonics to the greatest extent.

As the three-phase input line currents are symmetrical, the
phase “A” is taken as an example to calculate the optimal turn
ratio to save space. In Fig. 1, from the KCL and MMF equation,
the input line current iA is obtained as

iA=
k√
3
(Sa1 +

√
3−1
2 Sb1 −

√
3+1
2 Sc1)id1

+ k√
3
(
√
3+1
2 Sa2 −

√
3−1
2 Sb2 − Sc2)id2

(18)

where Sa1 is the corresponding switching function between the
currents ia1 and id1, which satisfies

Sa1 =

⎧⎪⎨
⎪⎩

0 ωt ∈ [ 7π12 ,
11π
12 ) ∪ [ 19π12 , 23π

12 )

1 ωt ∈ [0, 7π
12 ) ∪ [ 23π12 , 2π)

−1 ωt ∈ [ 11π12 , 19π
12 ).

(19)

According to the phase relation between switching functions,
other switching functions can be obtained easily. In (18), it is
clear that the input line current iA is mainly determined by the
output current id1 and id2 of Rec1 and Rec2. Combined with the
working modes, the output current id1 and id2 of Rec1 and Rec2
can be obtained as

id1 =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1
2Id ωt ∈ [0, θ]
2m

2m+1Id ωt ∈ [θ, π
6 − θ]

1
2Id ωt ∈ [π6 − θ, π

6 + θ]

0 ωt ∈ [π6 + θ, π
3 − θ]

1
2Id ωt ∈ [π3 − θ, π

3 ]

(20)

id2 =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

1
2Id ωt ∈ [0, θ]

0 ωt ∈ [θ, π
6 − θ]

1
2Id ωt ∈ [π6 − θ, π

6 + θ]
2m

2m+1Id ωt ∈ [π6 + θ, π
3 − θ]

1
2Id ωt ∈ [π3 − θ, π

3 ].

(21)

In (20) and (21), θ is the phase angle and it is defined as the
first phase angle when |um| = ud in the first period of |um|. In
terms of KVL and working modes of the proposed rectifier, the
phase angle θ could be obtained as

θ = arctan
1

2m
(
2−√

3
) . (22)

Because the waveform of iA is symmetrical, to save space,
only the expression of iA in the interval ωt ∈ [0, π/2] is given

Fig. 6. Relationship between the input line current THD and turns ratio m.

here. Substituting (19)–(21) into (18), the input line current iA
is obtained as

iA =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 ωt ∈ [0, θ]
√
3−1
2

2m
2m+1kId ωt ∈ [θ, π

6 − θ]
√
3+1
4 kId ωt ∈ [π6 − θ, π

6 + θ]
2m

2m+1kId ωt ∈ [π6 + θ, π
3 − θ]

√
3+3
4 kId ωt ∈ [π3 − θ, π

3 + θ]
√
3+1
2

2m
2m+1kId ωt ∈ [π3 + θ, π

2 − θ]
√
3+1
2 kId ωt ∈ [π2 − θ, π

2 ].

(23)

In (23), the input line current iA is mainly determined by the
turn ratio m of M-IPR in APDC.

In Fig. 1, if the turn ratio m of M-IPR is less than 6.964,
the maximum value of winding voltage |um| of M-IPR will not
be greater than the minimum value of load voltage ud, and the
auxiliary diodes Dm1 and Dm2 in APDC will be reverse-biased
and turn OFF. In this case, the proposed rectifier works as a
conventional 12-pulse rectifier, and the THD of the input line
current is maintained at 15.15%. When the turn ratio m of M-
IPR is greater than 6.964, the auxiliary diodes Dm1 and Dm2

in APDC can be turned ON, and APDC will produce a pulse-
doubling effect. At this time, the relationship between the input
line current iA and the turn ratio m of M-IPR satisfies (23).
According to the above analysis and (23), the relationship curve
between the input line current THD and turn ratio m of M-IPR
is shown in Fig. 6.

As shown in Fig. 6, around the point (6.964, 15.15), if
the turns ratio m <6.964, then the auxiliary diodes Dm1 and
Dm2 in the APDC are reverse-biased. The proposed rectifier
works as a conventional 12-pulse rectifier and the THD of the
input line current is maintained at 15.15%. For example, when
m=6 or 6.5, the THD of the input line current are both 15.15%. If
the turns ratio m> 6.964, the auxiliary diodes Dm1 and Dm2 can
turn ON, and the APDC generates a pulse-doubling effect. The
input line current THD of the proposed rectifier decreases. For
example, when the turns ratio m = 7.39, the THD of the input
line current decreases from 15.15% to 14%. Therefore, when
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designing M-IPR, the turn ratio of M-IPR should be greater
than 6.964.

With the increase of the M-IPR turn ratio m, the THD of
the input line current first decreases and then increases. When
the turns ratio m = 14.17, the THD of the input line current
obtains the minimum value of 7.56%, which is the same as the
input line current THD of a standard 24-pulse rectifier. In this
certain case, the APDC helps double the 12-pulse rectifier into
a standard 24-pulse rectifier. As depicted in Fig. 6, around the
point (14.17, 7.56), the M-IPR turns ratio error has little effect
on the input line current THD of the rectifier. For example, when
the M-IPR turns ratio m = 13, the THD of the input line current
is 7.66% and when the M-IPR turns ratio m = 15, the THD
of the input line current is 7.6%, which indicates that around
the optimal turn ratio (m = 14.17), about 10% of the turn ratio
error of M-IPR only has not more than 0.1% impact on the THD
of input line current. Therefore, the proposed scheme has good
adaptability.

Under optimal turn ratio condition, the Fourier series expres-
sion of the input current iA is

iA = kId

∞∑
n=1

Bn sin(nωt) (24)

where

Bn=− 8(
√
3 + 1)

3nπ
sin2

nπ

24
cos

nπ

8
cos

nπ

4
cosnπ

×
(
2 cos

nπ

12
+ 1

)
[√

2−
√
3 cos

5nπ

12
+

√
2 +

√
3 cos

nπ

12
+
√
3 cos

nπ

6

+
√
2 cos

nπ

4
+ cos

nπ

3
+ 1

]
. (25)

From (25), it can be seen that the input line current only
contains n = 24h±1 harmonic, and the input line current of the
proposed rectifier presents the standard 24-pulse wave property.

C. Output Voltage of the Proposed Rectifier Under Optimal
Turn Ratio Condition

Under the optimal turn ratio condition, according to the
working modes and the relationship between the output voltage
ud1 and ud2 of Rec1 and Rec2 and the output voltage ud, the
expression of ud in one output voltage cycle ωt ∈ [0, π/12] can
be obtained as

ud =

{
3
4 (1+

√
3)kUm cos(ωt) ωt ∈ [0, π

24 ]

3
4 (1+

√
3)kUm cos(ωt− π

12 ) ωt ∈ [ π24 ,
π
12 ].

(26)

In (26), the output voltage ud has 24 pulses, and the output
voltage ripple is reduced effectively. The average value of ud is
calculated as

Ud=
72
√
2km cos 11π

24

(2m+ 1)π
Um|m=14.17 = 2.04kUm. (27)

The above analysis showed that when the M-IPR in APDC
takes the optimal turns ratio, the APDC extends the 12-pulse

rectifier to the 24-pulse rectifier. The output voltage ripple is
reduced effectively and the THD of the input current is reduced
from 15.2% to 7.56%.

IV. CAPACITY OF THE APDC

Under the optimal turn-ratio condition, the current im1 flowing
through the diode Dm1 is obtained as follows in accordance with
the working modes of ADPC:

im1 =

⎧⎪⎨
⎪⎩

0 ωt ∈ [0, 5π
24 ]

0.034Id ωt ∈ [ 5π24 ,
7π
24 ]

0 ωt ∈ [ 7π24 ,
π
3 ].

(28)

From (28), the maximum current through Dm1 is only 3.4% Id.
Compared with the double-tap changer scheme, the maximum
current through the additional diodes is extensively decreased
(from Id to 3.4% Id). The additional conduction loss generated
by the auxiliary Dm1 could be calculated as

PLoss−Dm1
=

∫ π/3

0

im1dωtVD = 0.0085IdVD (29)

where VD is the forward voltage drop of auxiliary diodes Dm1

and Dm2.
As the APDC structure is symmetrical, the total additional

conduction loss generated by the auxiliary diodes Dm1 and
Dm2 is 0.017 IdVD. Compared with that of the double-tap
changer scheme, the proposed scheme’s additional conduction
loss generated by the diodes is substantially decreased (from
IdVD to 0.017IdVD) [18]–[20]. The proposed scheme has lower
conduction losses and it is more preferable for large current
applications than the double-tap changer scheme.

In accordance with (28), the root-mean-square (rms) values
of the currents im1 and im2 could be obtained as

Im1_rms = Im2_rms =

√
1

2π

∫ 2π

0

i2m1dωt = 0.017Id. (30)

The current iAO flowing through the inner winding AO of
APDC during one of its operating cycles could be calculated as

iAO = im1 + id1 =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0.5Id ωt ∈ [0, π
24 ]

0.034Id ωt ∈ [ π24 ,
π
8 ]

0.5Id ωt ∈ [π8 ,
5π
24 ]

0.9659Id ωt ∈ [ 5π24 ,
7π
24 ]

0.5Id ωt ∈ [ 7π24 ,
π
3 ].

(31)

The rms value of the current iAO is obtained as

IAO−rms =

√
1

2π

∫ 2π

0

i2AOdωt = 0.5987Id. (32)

Considering that the APDC structure is symmetrical, the rms
value of the inner winding BO of M-IPR in APDC are the same
as that of the inner winding AO.
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TABLE I
COMPARISON WITH THE SIMILAR RECTIFIER TOPOLOGIES

Note: IPR, R-IPR, and R-ST are short for interphase reactor, retrofitted interphase reactor, and retrofitted single-phase transformer, respectively.

In Fig. 1, combining with the working cases, the input voltage
up of APDC is obtained as

up=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

3
2 (
√
3− 1)kUm sin(ωt) ωt ∈ [0, π

24 ]

Y cos(ωt− π
12 ) ωt ∈ [ π24 ,

π
8 ]

3
2 (1−

√
3)kUm sin(ωt− π

6 ) ωt ∈ [π8 ,
5π
24 ]

Y cos(ωt− π
12 ) ωt ∈ [ 5π24 ,

7π
24 ]

3
2 (
√
3− 1)kUm sin(ωt− π

3 ) ωt ∈ [ 7π24 ,
π
3 ]

(33)

where Y= 3
√
2(

√
3+

√
2−3)

2(
√
3+

√
2−1)

kUm.

The rms value of up is

Up_rms =

√
1

2π

∫ 2π

0

u2
pdωt = 0.0575Ud. (34)

In accordance with the relationship between the M-IPR wind-
ings, the rms value of the voltages uAM1 and uBM2 of the
windings AM1 and BM2 of M-IPR is obtained as

UAM1_rms = UBM2_rms = 13.67Up_rms = 0.786Ud. (35)

Since the APDC structure is symmetrical, the equivalent
capacity of APDC can be calculated as

SAPDC =
Up_rms

2
IAO_rms + UM1A_rmsIm1_rms = 0.0306UdId

= 3.06%Pd (36)

where Pd is the output power of the rectifier.
In (36), it is noticed that the capacity of APDC is only 3.06% of

the output power so the proposed scheme has low cost and is sim-
ple to implement, and it can be used in high-power applications.

V. COMPARISON WITH SIMILAR RECTIFIER TOPOLOGIES

To clarify the weaknesses and strengths of the proposed
scheme, we initially compared the input line current THD, kVA
ratings of magnetic elements, and number of components with
the similar rectifiers [21]–[23] and the comparison results with
similar rectifiers proposed in [21]–[23] are shown in Table I.
Then, combined with the topological structure of the proposed
rectifier and the similar rectifiers [21]–[23], the more compre-
hensive comparison results are given in this section.

A. Comparison With the Series-Connected 24-Pulse Rectifier

Although the proposed rectifier and the series-connected 24-
pulse rectifier [21] both suppress the input line current harmonics
by adding an auxiliary circuit on the dc side of the rectifier, they
have following significant differences.

1) The proposed rectifier is a parallel 24-pulse rectifier with
an APDC at dc side. The APDC injects a specific square-
wave current to modulate and increase the number of
input current steps to 24 steps, and directly reduces the
harmonic of the input line current. The rectifier in [21]
is a series-connected 24-pulse rectifier with an auxiliary
voltage injection circuit at dc side. The auxiliary voltage
injection circuit injects a specific square-wave voltage to
modulate and increase the number of input voltage steps
to 24 steps, and then indirectly reduces the THD of the
input current.

2) Although the input line current THD (2.1%) of the series-
connected 24-pulse rectifier is slightly lower than that
of the proposed rectifier (3.9%), the input side of the
series-connected 24-pulse rectifier must be connected in
series with three large enough inductors, otherwise the
auxiliary voltage injection circuit on the dc side cannot
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reduce the THD of the input line current. However, the
large inductors in series on the input side not only reduce
the DF of the rectifier but also lead to the softening of
the output voltage characteristics of the rectifier. When the
load current changes, the output voltage cannot be stabi-
lized at a constant value. In addition, three large inductors
in series on the dc side increase the volume and weight of
the rectifier. Compared with the series-connected 24-pulse
rectifier, the proposed rectifier does not need to connect
large inductors in series on the ac side, which not only
avoids the above problems caused by the series inductors
on the ac side, but also reduces the volume and cost of the
rectifier.

3) The total magnetic ratings (123.06% of output power) of
the proposed rectifier are smaller than that (131.93% of
output power) of the series-connected 24-pulse rectifier
so the proposed rectifier has smaller size.

B. Comparison With the 24-Pulse Four-Star Rectifier

The proposed 24-pulse rectifier and the 24-pulse 4-star rec-
tifier [22] are equipped with APDCs on the dc side, and they
have the same input and output characteristics as the stan-
dard 24-pulse rectifier. To further reduce the complexity of the
pulse-doubling circuit in the 24-pulse 4-star rectifier, which is
previously proposed in [22], the new APDC is proposed in this
article. Compared with the 24-pulse 4-star rectifier, the proposed
rectifier mainly has the following features.

1) Compared with the pulse-doubling circuit in the 24-pulse
4-star rectifier, the proposed APDC does not require ad-
dition of a secondary winding for the IPR. The modified
IPR (M-IPR) has one less output terminal. The proposed
APDC has simpler circuit structure and easier connection
with the main circuit. In addition, its equivalent capacity is
slightly reduced decreases from 3.1% of the output power
to 3.06% of that.

2) The total magnetic rates (123.06% of output power) of the
proposed rectifier is only 75.5% of the total magnetic rates
(162.99% of output power) of the 24-pulse 4-star rectifier.
The proposed rectifier has lower total magnetic rates and
smaller size.

3) The 24-pulse 4-star rectifier requires 2 phase-shifting
transformers, 2 conventional IPRs, and 1 IPR with center-
tapped secondary winding. The proposed rectifier only
requires one phase-shifting transformer and an improved
tapped IPR. The proposed rectifier requires fewer mag-
netic components, and the circuit structure is simpler.

C. Comparison With the 36-Pulse AC–DC Converter

Both the proposed rectifier and the 36-pulse ac–dc converter
[23] suppress input current harmonics by introducing a pulse
multiplication circuit on the dc side of the rectifier, but there are
following differences between them.

1) Although the input line current THD (3.9%) of the pro-
posed rectifier is slightly higher than that of the 36-pulse
ac–dc converter (3.1%), the proposed APDC requires
fewer components and has a simpler circuit structure

with fewer lead-out terminals, and is easier to connect
to the main circuit. The proposed APDC is composed of
a modified IPR and two auxiliary diodes with low current
stress. It is connected to the main circuit through five
lead-out terminals. On the contrary, in the 36-pulse ac–dc
converter, the pulse multiplication circuit is composed of
a tapped IPR with a center-tapped secondary winding, two
auxiliary diodes with low current stress, and two auxiliary
diodes with high current stress. Moreover, seven lead-out
terminals are connected to the main circuit.

2) Compared with the proposed rectifier, the pulse multipli-
cation circuit in the 36-pulse ac–dc converter requires two
low-current stress auxiliary diodes and two high-current
stress auxiliary diodes. The two high-current stress diodes
connected in series in the load path will produce higher
additional conduction loss and reduce the efficiency of the
rectifier.

3) The capacity of the tapped IPR with a center-tapped sec-
ondary winding in the 36-pulse ac–dc converter is 3.91%
of the output power and that of the IPR in the proposed
rectifier is 3.06% of the output power. The latter has a
smaller equivalent capacity and volume.

VI. EFFECTS OF DIODE OPEN-CIRCUIT FAULT OF APDC ON

THE HARMONIC SUPPRESSION PERFORMANCE

Supposed that the diode Dm1 in APDC has an open-circuit
fault and the diode Dm2 works normally. According to the
working modes of APDC, there are only two working modes of
APDC, namely O mode and P mode. According to the working
mode of APDC, the output currents id1 and id2 of Rec1 and Rec2
is obtained as

id1 =

⎧⎪⎨
⎪⎩

1
2Id ωt ∈ [0, 5π

24 ]
2m

2m+1Id ωt ∈ [ 5π24 ,
7π
24 ]

1
2Id ωt ∈ [ 7π24 ,

π
3 ]

(37)

id2 =

⎧⎪⎨
⎪⎩

1
2Id ωt ∈ [0, 5π

24 ]

0 ωt ∈ [ 5π24 ,
7π
24 ]

1
2Id ωt ∈ [ 7π24 ,

π
3 ].

(38)

Substituting (37) and (38) into (18), the input current iA of
the proposed rectifier is obtained as

iA =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 ωt ∈ [0, π
12 ]√

3+1
4 kId ωt ∈ [ π12 ,

5π
24 ]

2m
2m+1kId ωt ∈ [ 5π24 ,

7π
24 ]√

3+3
4 kId ωt ∈ [ 7π24 ,

5π
12 ]√

3+1
2 kId ωt ∈ [ 5π12 ,

13π
24 ]

√
3+1
2

2m
2m+1kId ωt ∈ [ 13π24 , 5π

8 ]
√
3+3
4 kId ωt ∈ [ 5π8 , 3π

4 ]
√
3+1
4 kId ωt ∈ [ 3π4 , 7π

8 ]
√
3−1
2

2m
2m+1kId ωt ∈ [ 7π8 , 23π

24 ]

0 ωt ∈ [ 23π24 , π].

(39)



8400 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 7, JULY 2022

Fig. 7. Input line current iA when the diode Dm1 in APDC has an open-circuit
fault.

Fig. 8. Schematic diagram of the experimental prototype.

TABLE II
MAIN CIRCUIT PARAMETERS OF EXPERIMENTAL PROTOTYPE

According to (39), Fig. 7 shows the input line current iA when
the diode Dm1 in APDC has an open-circuit fault.

As shown in Fig. 7, the input line current iA is a nonstandard
18-step wave. In this case, the THD of the input line current iA is
12%. Compared with those in a conventional 12-pulse rectifier,
the step number of the input line current iA is increased from 12
to 18 and the input line current THD is decreased from 15.15% to
12%. This finding indicated that the proposed APDC still could
reduce the input line current harmonics under the auxiliary diode
open-circuit fault of APDC condition.

VII. EXPERIMENTAL RESULTS

An experimental prototype with an output power of 1.7 kW
was built to verify the pulse multiplier effect of APDC and the
correctness of theoretical analysis. Fig. 8 shows the experimental
prototype. The main circuit parameters of the experimental
prototype are shown in Table II.

Under the parameters shown in Table II, the input line current
iA and its spectrum of the rectifier with and without APDC are
presented in Fig. 9(a) and (b), respectively.

When APDC is not used, the rectifier works as a conventional
12-pulse rectifier. As shown in Fig. 9(a), at this time, the input
line current is a 12-step wave, and the input line current THD is

Fig. 9. Input line current and its spectrum. (a) Without APDC. (b) With APDC.

10.8%. After adopting APDC, as shown in Fig. 9(b), the number
of steps of the input line current of the rectifier is doubled to 24.
The input line current THD is effectively reduced from 10.8% to
3.9%. The main low-order harmonics, such as 11th and 13th, are
decreased effectively from the input line current. Compared with
the theoretical analysis result of (25), due to the slight asymmetry
of the phase-shifting transformer structure, the 11th and the 13th
input current harmonics have not been eliminated completely.
Therefore, to obtain a better harmonic suppression effect, when
manufacturing a phase-shifting transformer, it is necessary to
improve its symmetry as much as possible. Due to the filtering
effect of transformer leakage inductance, the THD of the input
line current is slightly lower than the ideal value of 7.56%.

Fig. 10 shows the main current waveforms of the proposed
24-pulse rectifier with APDC on the dc side.

Fig. 10(a) shows the current im1 flowing through the auxiliary
diode Dm1 in the APDC. The current im1 is a rectangular current
with a frequency of 300 Hz and its amplitude is only 0.42 A,
approximately 3.2% of the load current, basically consistent with
the theoretical analysis results in Fig. 4(a). Fig. 10(b) shows that
a rectangular current is (is = im1+im2) is extracted by APDC
from the dc side of the rectifier. This rectangular current has
a frequency of 600 Hz and its amplitude is the same as that
of im1. From the working modes of the proposed rectifier, it
is noticed that the modulation of APDC increases the output
current states of Rec1 and Rec2. As shown in Fig. 10(c), the
output current of Rec1 is modulated to a three-level dc current,
which is basically consistent with the analysis results shown in
Fig. 4(c). Fig. 10(d) shows the input current of Rec1. Due to
the modulation of APDC, the input current ia1 is increased from
three levels to five levels, whose shape and value are basically
consistent with the theoretical analysis shown in Fig. 4(d).

Fig. 11(a) and (b) shows the output voltage waveforms of the
rectifier without and with APDC, respectively.
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Fig. 10. Main waveforms of the proposed rectifier. (a) Current im1 flowing
through Dm1. (b) Rectangular current is (is = im1+im2) extracted by APDC
from the dc side. (c) Output current id1 of Rec1. (d) Input current ia1 of Rec1.

Fig. 11. Output voltage of rectifier. (a) Without APDC. (b) With APDC.

As shown in Fig. 11(a), when APDC is not adopted, the
rectifier works as a conventional 12-pulse rectifier with an output
voltage of 12 pulses, the average value of the output voltage is
130.2 V, the maximum value of the output voltage is 133.2 V, and
the minimum value of the output voltage is 126.7 V. According
to the definition of the output voltage ripple coefficient [24],
the ripple coefficient of the output voltage in this certain case
is 2.49%. As shown in Fig. 11(b), when the APDC is used, the
pulse number of the output voltage is doubled to 24. However,
the suppression effect of APDC on the output voltage ripple is
not evident in Fig. 11 because the leakage inductance of the
phase-shifting transformer increases the output voltage ripple
and reduces the suppression effect of APDC on the output
voltage ripple. In this case, the average output voltage of the
rectifier is 130.7 V, the maximum output voltage is 133.7 V,
the minimum output voltage is 128 V, and the ripple coefficient
of the output voltage is 2.18%. This finding indicates that the
output voltage ripple decreases slightly from 2.49% to 2.18%
after using APDC.

Fig. 12. Input line current THD under different load currents.

Fig. 13. Input line current iA and its spectrum when the auxiliary diode Dm1

in the APDC has an open-circuit fault. (a) Input line current iA (b) Spectrum of
the input line current iA.

Fig. 12 shows the THD of the input line currents when the load
current varies from 4.1 to 13 A to validate the load adaptability
of the proposed scheme.

Compared with those in conventional 12-pulse rectifiers, the
input line harmonics are observably reduced due to the modu-
lation of APDC. The input line current THD is less than 5% in
a wide range of load current and it could meet the requirement
of most industrial applications. The proposed rectifier provides
a low-harmonic utility power interface.

When the auxiliary diode Dm1 in the APDC has an open-
circuit fault, Fig. 13 shows the input line current iA and its
spectrum.

As shown in Fig. 13, when the auxiliary diode Dm1 in the
APDC has an open-circuit fault, the input current of the proposed
rectifier becomes a nonstandard 18-step current, and the THD
of the input line current is 7%, which is slightly less than the
theoretical value 12% due to the filtering effect of transformer
leakage inductance. By comparing with Fig. 9(a), it can be seen
that the input line current THD is decreased from 10.8% to
7%. This indicates that when an open-circuit fault occurs in
an auxiliary diode in the APDC, the proposed scheme still has
a certain harmonic suppression effect.
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VIII. CONCLUSION

In this article, an APDC is proposed to extend the conventional
12-pulse rectifier to a new 24-pulse rectifier. Two low current
stress auxiliary diodes are connected with the outer winding of
the M-IPR in APDC, and they extract two rectangular currents
from the dc side of the rectifier to shape the output current and
voltage of three-phase rectification bridges first, which in turn
double the pulse number of this rectifier. The resulting 24-pulse
rectifier draws near-sinusoidal input line currents with less than
5% THD. The working modes of the proposed 24-pulse rectifier
with APDC are analyzed and the optimal turns ratio of M-IPR
in APDC is derived. When an auxiliary diode in APDC has an
open-circuit fault, the harmonic suppression effect of APDC is
also analyzed. The analysis results show that when an auxiliary
diode in APDC has an open-circuit fault, APDC still has a certain
harmonic suppression ability, which can reduce the THD of
input current by more than 3%. Under the optimal turns ratio
condition, the input line current THD reaches the smallest value
and the maximum current through auxiliary diodes in APDC is
only 3.4% of the output current. Compared with the double-tap
changer scheme, the current stress and conduction loss of the
additional diodes are effectively reduced. Since the capacity of
APDC is only 3.06% of the output power, the proposed scheme
has the advantages of simple circuit structure, low cost, and easy
implementation.
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