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A Series-Connected 24-Pulse Rectifier Using Passive
Voltage Harmonic Injection Method at DC-Link

Fangang Meng , Member, IEEE, Qingxiao Du, Lin Wang, Lei Gao , and Zhongcheng Man

Abstract—In this paper, a voltage harmonic injection method
at the dc-link is proposed to reduce input current harmonics of
the series-connected 12-pulse rectifier. The proposed method uses
an auxiliary circuit to generate the voltage harmonics and injects
the voltage harmonics into the dc link of the series-connected 12-
pulse rectifier so that the input voltages of the 12-pulse rectifier
can be shaped as 24 steps. The formation processes of the input
voltage are analyzed based on the switching functions; and the
turn ratio of injection transformer is optimally designed from the
perspective of minimizing the total harmonic distortion (THD) of
the input voltage. After using this method, experimental results
show that the input voltages of the isolated transformer are 24-step
waves with an experimental THD of around 3.34%; the input line
currents of the proposed rectifier are close to sinusoidal waveforms
with an experimental THD of around 2.65%. More importantly,
the kVA rating of the injection transformer is only about 2.3% of
the load power, which means that the cost of harmonicreduction is
very low.

Index Terms—Harmonic injection, injection transformer,
passive harmonic reduction, series-connected multi-pulse rectifier.

I. INTRODUCTION

MULTI-PULSE diode-bridge rectifier with properties of a
simple structure and strong robustness has been widely

used in high-power rectifications. However, due to the nonlin-
earity of the diode-bridge rectifier, the multi-pulse rectifier gen-
erates a large number of harmonics injected into the grids; for
example, the total harmonic distortion (THD) of the input line
current in the 12-pulse rectifier is up to 15.2%, which cannot be
ignored [1]. Therefore, how to improve the harmonic reduction
ability and power factor of the multi-pulse diode-bridge recti-
fier has become an important topic in the field of high-power
rectification.

In general, a multipulse rectifier comprises a phase-shifting
transformer and two or more three-phase diode-bridge rectifiers,
which can be divided into parallel and series types based on the
connection methods of the diode-bridge rectifiers [2]. When
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the diode-bridge rectifiers are connected in parallel, the multi-
tapped inter-phase reactor (IPR) [3]–[5], the active IPR [6]–[8],
and the active power filter [9] are generally utilized to reduce the
harmonics in the input line currents. Due to the parallel connec-
tion of the diode-bridge rectifiers, the problem of the current un-
balance between the rectification devices is inevitable. Although
using the autotransformer to be the phase-shifting transformer
can partly deal with current unbalance issues, the winding con-
figuration of the autotransformer is very complicated, besides,
the autotransformer is not suitable when the difference between
the input voltages of the rectifier and the load voltage is too
large [1]. Connecting diode-bridge rectifiers in series is one of
the most effective methods to reduce the current unbalance to the
most degree. In high voltage applications, the series-connected
multi-pulse rectifier using the isolated autotransformer to be the
phase-shifting transformer is a preferred choice. At the dc-link
of the series-connected 12-pulse rectifier, two large capacitors
are generally used to smooth the load voltage, which means
that the load voltage can be viewed as constant. The load cur-
rent of the parallel-connected 12-pulse rectifier is considered as
constant. Therefore, the harmonic reduction method used in the
parallel-connected multi-pulse rectifier is not suitable for the
series-connected multi-pulse rectifier, the existence of the two
large capacitors increases the difficulties of harmonic reduction
[10]–[12].

In order to reduce the harmonics of the series-connected
multi-pulse rectifier, this paper proposes a voltage harmonic
injection method at the dc-link. The proposed method uses an
injection transformer and the corresponding auxiliary circuit to
generate and inject voltage harmonic into dc-link. By designing
the turn ratio of the injection transformer, the input voltage of
the phase-shifting transformer is shaped from 12 to 24 steps,
and the harmonics in the input line currents are significantly re-
duced. Compared with other harmonic reduction methods, the
proposed method has a lower cost and better performance in
harmonic reduction.

II. TOPOLOGY OF THE PROPOSED SERIES-CONNECTED

24-PULSE RECTIFIER

Fig. 1 shows the proposed series-connected 24-pulse recti-
fier, which comprises a series-connected 12-pulse rectifier and
a harmonic injection circuit. The series-connected 12-pulse rec-
tifier consists of a phase-shifting transformer and two series-
connected three-phase bridge rectifiers. At the ac side, the input
inductance Ls is connected in series with the ac voltage source,
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Fig. 1. Proposed series-connected 24-pulse rectifier with a passive voltage harmonic injection method at dc-link.

Fig. 2. Winding configuration of the Δ/Δ/Y isolated transformer.

Fig. 3. Winding configuration of injection transformer.

so that the proposed rectifier can be equivalent to a current
source converter. At the dc-link, two large capacitors C1 and
C2 are used, thus the ripple of the load voltage is quite small,
and the load can be equal to a constant-voltage load. A Δ/Δ/Y
isolated transformer is used to be the phase-shifting transformer,
and Fig. 2 shows its winding configuration. In Fig. 2, the phase-
shifting can output two sets of three-phase voltages with π/6
phase difference, and the turn ratio of the phase-shifting trans-
former meets that N1 : N2 : N3 =

√
3 :

√
3 : 1.

The harmonic injection circuit consists of an injection trans-
former and a single-phase diode rectifier. The winding config-
uration of the injection transformer is shown in Fig. 3. The
primary winding of the injection transformer is connected be-
tween the midpoint of the two series-connected three-phase

bridge rectifiers and the midpoint of the output capacitance, and
the secondary winding has a center tap. The input terminal of
the single-phase diode rectifier is connected with the secondary
winding of the injection transformer, and the output terminal is
connected with the load.

III. OPERATION OF THE PROPOSED 24-PULSE RECTIFIER

The series-connected 12-pulse rectifier can be equivalent to
a current source converter with constant-voltage load, so the
input voltages of the phase-shifting transformer depend on the
load voltage. In this section, operating modes of the harmonic
injection circuits are clearly illustrated at first, then some optimal
design processes of the injection transformer are described based
on the objective of minimizing the THD of the phase-shifting
transformer’s input voltage.

A. Operation Modes of the Harmonic Injection Circuit

Because the series-connected 12-pulse rectifier can be viewed
as a current source converter, the two three-phase bridge recti-
fiers can be replaced by two current sources (iRec1 and iRec2),
which provide 6-pulse currents with π/6 phase differences. In
addition, the harmonic injection circuit can generate voltage
harmonics at the dc-link due to the existence of the phase differ-
ence between iRec1 and iRec2 . According to the phase relation
between iRec1 and iRec2 , it can be concluded that the harmonic
injection circuit has two operating modes, as shown in Fig. 4.

1) Operating Mode I: When iRec1<iRec2 , the harmonic in-
jection circuit operates at the operating mode I, as shown in
Fig. 4(a). Under this mode, ix is greater than zero, the diode D1
is forward-biased and turns ON, while the diode D2 is reverse-
biased and turns OFF.

Assume that the load voltage is uo , and the forward conduc-
tion voltage drop of the diodes D1 and D2 is Ud . From Fig. 4(a),
the voltage across the primary winding voltage of the injection
transformer can be expressed as

uFP =
N4

N5
(uo + Ud) (1)
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Fig. 4. Operating mode of harmonic injection circuit. (a) Operating mode I.
(b) Operating mode II.

where N4 and N5 are the turn numbers of the primary and
secondary windings of the injection transformer, respectively;
uo is the load voltage.

2) Operating Mode II: When iRec1>iRec2 , the harmonic in-
jection circuit operates at the operating mode II, as shown in
Fig. 4(b). Under this mode, ix is less than zero, the diode D2 is
forward-biased and turns ON, and the diode D1 is reverse-biased
and turns OFF. From Fig. 4(b), the voltage across the primary
winding voltage of the injection transformer can be expressed
as

uFP = −N4

N5
(uo + Ud) . (2)

In order to facilitate the analysis, ux is defined as below

ux =
N4

N5
(uo + Ud) . (3)

From (1) and (2), the harmonic injection circuit can gener-
ate a square wave voltage with an amplitude of ±ux , and the
frequency of the square wave voltage is six times of the supply
frequency.

B. 24-Step Wave Formation Process

From the winding configuration of the phase-shifting trans-
former, the relation between its input voltage and the voltage
across its secondary winding can be expressed as

uAN =
1√
3
uA1B 1∠ − π

6
(4)

where uAN is the input voltage of the phase-shifting transformer
and uA1B 1 is the voltage across its secondary winding.

From (4), the input voltage can be obtained by calculating the
voltage across the secondary winding.

In order to facilitate the analysis, define switching function
of the injection transformer as Sx(ωt) = sgn(uFP), and sgn(x)
is a symbolic function defined as follows:

sgn(x) Δ=

⎧
⎨

⎩

1 x > 0
0 x = 0
−1 x < 0.

(5)

From the operating mode of the injection transformer, the
switching function Sx can be expressed as

Sx =

{
1 ωt ∈ [

φ + π
12 + kπ

3 , φ + π
4 + kπ

3

)

−1 ωt ∈ [
φ + π

4 + kπ
3 , φ + 5π

12 + kπ
3

] (6)

where k is the natural number.
Define the switching functions of phase a1, b1, c1, a2, b2,

and c2 as Sa1 , Sb1 , Sc1 , Sa2 , Sb2 , and Sc2 , respectively. These
switching functions can be obtained from the following analysis.

Assuming that the input voltage of the rectifier are balanced

⎧
⎪⎨

⎪⎩

usa =
√

2Ussin(ωt)

usb =
√

2Ussin(ωt − 2π/3)

usc =
√

2Ussin(ωt + 2π/3)

(7)

where Us is the rms of the input voltage.
Since the input inductance Ls is connected in series with

the ac voltage source, there is a phase difference φ between
the input voltage of Δ/Δ/Y isolated transformer and the ac
voltage source. Accordingly, the input voltage of the Δ/Δ/Y
isolated transformer can be approximately represented by the
fundamental voltage

⎧
⎪⎨

⎪⎩

uAN ≈ Us1sin(ωt − φ)

uBN ≈ Us1sin
(
ωt − 2

3 π − φ
)

uCN ≈ Us1 sin
(
ωt + 2

3 π − φ
)

(8)

where Us1 is the fundamental voltage amplitude of the input
voltage of isolation transformer.

From (8), the output voltage of the Δ/Δ/Y isolated trans-
former can be expressed as
⎧
⎪⎨

⎪⎩

ua1 ≈ U1sin(ωt − φ)

ub1 ≈ U1sin
(
ωt − 2

3 π − φ
)

uc1 ≈ U1sin
(
ωt + 2

3 π − φ
)

⎧
⎪⎨

⎪⎩

ua2 ≈ U1sin
(
ωt + π

6 − φ
)

ub2 ≈ U1sin
(
ωt − π

2 − φ
)

uc2 ≈ U1sin
(
ωt + 5

6 π − φ
)
.

(9)
The output voltages of the Δ/Δ/Y isolated transformer deter-

mine the switching functions. From (9) and Fig. 1, the switching
function Sa1 is calculated as

Sa1 =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 ωt ∈ [φ − π
6 + 2kπ, φ + π

6 + 2kπ)

1 ωt ∈ [φ + π
6 + 2kπ, φ + 5π

6 + 2kπ)

0 ωt ∈ [φ + 5π
6 + 2kπ, φ + 7π

6 + 2kπ)

−1 ωt ∈ [φ + 7π
6 + 2kπ, φ + 11π

6 + 2kπ].

(10)

The relation among the switching functions meets

{
Sb1 = Sa1∠ − 2

3 π

Sc1 = Sa1∠ 2
3 π

⎧
⎪⎨

⎪⎩

Sa2 = Sa1∠ π
6

Sb2 = Sa1∠ − π
2

Sc2 = Sa1∠ 5
6 π.

(11)

From (6), (10), and (11), in one power supply cycle, the
switching functions Sx , Sa1 , Sb1 , Sc1 , Sa2 , Sb2 , and Sc2 have 24
combinations. For the sake of simplicity, only one combination
is analyzed, and assumes that the switching function satisfies
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the following condition:
⎧
⎪⎨

⎪⎩

Sa1 = 0, Sb1 = −1 , Sc1 = 1

Sa2 = 1, Sb2 = −1 , Sc2 = 0

Sx = −1.

(12)

From (12) and Fig. 1, the voltages uB 1P , uC 1P , uA2G , uB 2G

can be expressed as
{

uB 1P = −ux − Ud

uC 1P = uo

2 + Ud

{
uA2G = uo

2 − ux + Ud

uB 2G = −Ud.
(13)

As shown in Figs. 1 and 2, the voltages across the star-
connected secondary windings meet

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

uA2N 2 = uA2G − uN 2G

uB 2N 2 = uB 2G − uN 2G

uC 2N 2 = uC 2G − uN 2G

uA2N 2 + uB 2N 2 + uC 2N 2 = 0.

(14)

From (14), uN 2G can be calculated as

uN 2G =
uA2G + uB 2G + uC 2G

3
. (15)

From (13), (14), and (15), uN 2G , uA2N 2 , and uB 2N 2 can be
written as

⎧
⎪⎨

⎪⎩

uN 2G = 1
3

(
uo

2 − ux + uC 2G

)

uA2N 2 = 2
3

(
uo

2 − ux

) − 1
3 uC 2G + Ud

uB 2N 2 = − 1
3

(
uo

2 − ux + uC 2G

) − Ud.

(16)

On the basis of (12), expressions of uA1B 1 and uB 1C 1 are
given as follows:

{
uA1B 1 = uA1P − uB 1P = uA1P + ux + Ud

uB 1C 1 = uB 1P − uC 1P = −uo

2 − ux − 2Ud.
(17)

According to the turn ratio of the Δ/Δ/Y isolated transformer,
the relationship between the primary winding voltage and the
secondary winding voltage of the isolation transformer satisfies
the following relation:

{
uA1B 1 = uAB =

√
3uA2N 2

uB 1C 1 = uBC =
√

3uB 2N 2 .
(18)

Substituting (16) and (17) in (18), uA1P and uC 2G can be
expressed as
⎧
⎪⎪⎨

⎪⎪⎩

uA1P =
√

3 − 1
2

uo − (2 +
√

3)ux + (2
√

3 − 3)Ud

uC 2G =
√

3 − 1
2

uo + (
√

3 + 1)ux + (2
√

3 − 3)Ud.

(19)

According to (19) and (17), the voltage uA1B 1 in this combi-
nation is calculated as

uA1B 1 =
√

3 − 1
2

(uo + 4Ud) − (
√

3 + 1)ux. (20)

Substituting (3) and (20) in (4) yields

uAN =
√

3 − 1
2
√

3
(uo + 4Ud) − (

√
3 + 1)N4√

3N5
(uo + Ud). (21)

Fig. 5. Input voltage uAN of isolation transformer.

TABLE I
LEVELS OF THE VOLTAGE uAN

Similarly, the expressions of uAN in the other 23 combinations
can be obtained. Fig. 5 shows the theoretical waveform of uAN ,
and Table I gives the level values for each step of uAN .

C. Optimum Turn Ratio Design of Injection Transformer

In order to ensure that the proposed rectifier operates as a
24-pulse rectifier, it is necessary to optimize the turn ratio of
the injection transformer from the viewpoint of minimizing the
THD of the input voltages (uAn1 , uBn1 , uC n1).

In Fig. 3, assume that the ratio of N5 to N4 is equal to n. From
Fig. 5 and Table I
⎧
⎪⎨

⎪⎩

UAN =
√

1
3

[
2−√

3
2 (uo + 4Ud)

2 + 2(2 +
√

3)
(

uo +Ud

n

)2
]

Us1 = − 4
√

3
π

[√
3−2
2 (uo + 4Ud) +

√
2−√

3√
2+1

uo +Ud

n

]

(22)
where UAN and Us1 are the rms value and fundamental voltage
amplitude of uAN , respectively.

Define the THD of the input voltage uAN as

THD =

√
2U 2

AN − U 2
s1

Us1
. (23)

Substituting (22) into (23), the relation between the THD of
the input voltage uAN and the turn ratio n can be obtained, as



MENG et al.: SERIES-CONNECTED 24-PULSE RECTIFIER USING PASSIVE VOLTAGE HARMONIC INJECTION METHOD AT DC-LINK 8507

Fig. 6. Relation between the THD and turn ratio n.

shown in Fig. 6. It can be easily seen from Fig. 6 that when
n (N5 /N4) is around 55.8, the corresponding minimum THD
value is about 7.57%. Therefore, when the injection transformer
operates as a step-up transformer and N5>>N4 , the diodes D1
and D2 conduct in turn to generate the voltage harmonic and
inject the voltage harmonics into the dc-link of the proposed
rectifier.

D. Input Line Current of the Proposed Rectifier

In Fig. 1, the voltage across inductor Ls can be expressed as

uLs = Ls
dia
dt

= usa − uAn1 . (24)

For the sake of analysis, the voltages and currents are normal-
ized. When the voltages are normalized, the amplitude of the
input voltage Us is viewed as the reference value. The voltages
uLs , usa , uAn1 , uo , and Ud are expressed as

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

umLs =
uLs

Us

umsa =
usa

Us

umAn1 =
uAn1

Us

⎧
⎪⎨

⎪⎩

umo =
uo

Us

uM d =
Ud

Us
.

(25)

The current Us/ωLs is viewed as the reference value. The
input current of the proposed rectifier ia is expressed as

ija =
ωLs

Us
ia . (26)

Substituting (7), (25), and (26) into (24) yields

umLs =
dija

dϕ
= sin(ϕ) − umAn1 (27)

where ϕ = ωt.
From Fig. 5, Table I, and expression (27), the voltage umLs

in interval [φ2 , φ2 + π] is expressed as (33) in the Appendix.
From (33), the waveform of umLs can be charted, as shown in
Fig. 7.

After normalization, the current ija meets
{

ija(ϕ) = −ija(ϕ + π)

ija(φ2) = ija(φ2 + π) = 0.
(28)

Fig. 7. Voltage across the inductor um Ls after normalization.

Fig. 8. Current ij a after normalization.

Substituting (27) into (28) yields
∫ φ2 +π

φ2

[sin(ϕ) − umAn1 ]dϕ

= 2 cos φ2 −
√

3π

9
(umo + 4uM d) = 0. (29)

From (29), the phase difference φ2 can be expressed as

φ2 = arccos
π

6
√

3
(umo + 4uM d). (30)

From the range of φ2 and expression (29), the load voltage
umo should meet

umo ≤ 6
√

3
π

− 4uM d. (31)

From (27), Fig. 5, and Table I, the current ija in interval can
be expressed as (34) in the Appendix.

From (34), the waveform of ija can be charted, as shown in
Fig. 8. From Fig. 8, the current contains 24 arc lines per power
supply cycle, which is close to sinusoidal wave.

In the proposed rectifier, the three input inductances are neces-
sary. From Fig. 1, the relation among the power supply voltages
(usa , usb , usc ), the input voltages of the phase-shifting trans-
former (uAn1 , uBn1 , uC n1), and the voltages across the input
inductances meets the Kirchhoff’s voltage law. To set phase A
as an example

uAn1 = usa − uLs = usa − L
dia
dt

. (32)

In (32), usa is a known quantity. From (32), if the THD
of the voltage uAn1 is controlled to be minimal, the THD of
the input current is minimal. The voltage uAn1 is determined
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Fig. 9. Picture of the laboratory prototype.

by the injection transformer. When the injection transformer
is designed optimally, the input voltages of the phase-shifting
transformer (uAn1 , uBn1 , uC n1) contain 24 steps per power
supply cycle, and the THD of the input voltages (uAn1 , uBn1 ,
uC n1) is about 7.6%. Due to the filtering of the input inductance,
the THD of the input current is less than 7.6%.

IV. EXPERIMENTAL VALIDATION

In this section, some related simulations and experiments
are carried out based on a 1.7-kW rectifier system, which is
built to validate the previous theoretical analysis. The simula-
tion and experimental conditions are listed as follows: ©1 the
three-phase input voltage is 220 V; ©2 the load resistance is
60 Ω; ©3 the turn ratio of injection transformer is equal to 56;
©4 the input inductance Ls = 20 mH; ©5 the output capacitance
C1 = C2 = 3300 μF/450 V; ©6 the turn ratio of the Δ/Δ/Y iso-
lated transformer meets 3

√
3 :

√
3 : 1. Fig. 9 shows the picture

of the laboratory prototype. The laboratory prototype includes
three inductances, a phase-shifting transformer, two three-phase
diode-bridge rectifiers, an injection transformer, two capacitors,
and two diodes.

Fig. 10 shows the input voltages of the Δ/Δ/Y isolated
transformer without the voltage harmonic injection circuit, and
Fig. 11 shows the input voltages when using the circuit. In
cases of without voltage harmonic injection circuit, input volt-
ages have 12 steps per power supply cycle, whose theoretical
and experimental values are around 15.2% and 9.74%. After
using the voltage harmonic injection circuit, the step numbers
of input voltages are doubled to 24 per power supply cycle,
which leads to obvious reductions of THD both in theoreti-
cal and experimental values. The simulating result shows that
THD declines to around 7.57% and that of experimental drops
to 3.34%.

Fig. 12 shows the input currents of the isolated transformer
without the voltage harmonic injection circuit, and Fig. 13 shows
input currents of the proposed rectifier. When the voltage har-
monic injection circuit is not used, the experimental THD value
of the input currents is about 7.62%; after using the voltage
harmonic injection circuit, the THD is about 2.65%. Due to the
filtering of the input inductor Ls , the THD of the input currents
is less than that of the input voltages.

From Figs. 10–13, there are some difference between the
simulation results and the experimenting results. The leakage

Fig. 10. Input voltages of the isolated transformer when not using the voltage
harmonic injection circuit. (a) Simulation results. (b) Experimental results.

Fig. 11. Input voltage of the Δ/Δ/Y isolated transformer when using the
voltage harmonic injection circuit. (a) Simulation results. (b) Experimenting
results.

inductance of the phase-shifting transformer is ignored under
simulation while that value cannot be ignored in experiments.
Consequently, the THD of the input voltage and the input current
in the experimenting results are less than that of the simulation
results, at the same time, the waveforms of the input voltage and
the input current in the experimenting results are smoother than
that of the simulation results.
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Fig. 12. Input currents of the 12-pulse rectifier when not using the hybrid
voltage harmonic injection method. (a) Simulation results. (b) Experimental
results.

Fig. 13. Input currents of the proposed rectifier. (a) Simulation results.
(b) Experimenting results.

Fig. 14 shows the load voltage and load current of simulations
(a) and experiments (b). Under large capacitive load, the load
voltage and load current are ripple free, thus the load can be
equivalent to a constant-voltage load. The load voltage and load
current are 328.6 and 5.48 A, respectively, and the load power
is about 1800 W.

Fig. 15 shows the output current of the two three-phase diode-
bridge rectifier and the voltage uFP when using the hybrid volt-
age harmonic injection method. As shown in Fig. 15, the input

Fig. 14. Load voltage and load current. (a) Simulation results. (b) Experi-
menting results.

Fig. 15. Current through and voltage across the primary windings of the
injection transformer. (a) Simulation results. (b) Experimental results.

currents of the isolated transformer are shaped, after using the
voltage harmonic injection circuit, with the modulations of the
output currents of two three-phase diode-bridge rectifiers.

Fig. 16 shows the output currents of the two three-phase
diode-bridge rectifier after using the voltage harmonic injection
circuit.

From Figs. 15 and 16, the current through the primary winding
is ix = iRec2 − iRec1 , and uFP is a kind of square wave voltage
whose frequency is six times of the supply frequency. The rms
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Fig. 16. Output currents of the two three-phase diode-bridge rectifiers.
(a) Simulation results. (b) Experimental results.

Fig. 17. Efficiency of the proposed rectifier when the load resistance varies.

values of the current ix and the voltage uFP are 5.85 A and
5.868 V, respectively; the rms values of the current through and
the voltage across the secondary winding are 73.98 mA and
328.6 V, respectively. It can be concluded that the kVA rating
of the injection transformer is about 41.5W, which accounts for
around 2.3% of the load power. Therefore, the cost of harmonic
reduction is very low.

Fig. 17 shows the efficiency of the proposed rectifier when
the rms value of the input voltages is equal to 220 V and load
resistance varies from 60 to 90 Ω. From Fig. 17, the efficiency
of the proposed rectifier shows a steady growth trend as the
increase of the load resistance, which value rises from around
97.35% with the load resistance of 60 Ω to around 99.16% with
the load resistance of 90 Ω. In general, the efficiency can be kept
at about 98%.

When the rms value of the input voltages is equal to 220 V
and load resistance varies from 60 to 90 Ω, Fig. 18(a) shows the
input power factor of the proposed rectifier, and Fig. 18(b) shows
the THD of the input current. The input power factor presents a

Fig. 18. Input power factor and THD of the input current. (a) Input power
factor when the load resistance varies. (b) THD of the input current when the
load resistance varies. (c) THD of the input current when the input voltage
varies.

slight downward trend from around 0.989 at the load resistance
of 60 Ω to 0.98 at 90 Ω as shown in Fig. 18(a). However, a
contrast tendency can be found in Fig. 18(b), the THD of the
input current increases as the load resistance increases, which
achieves the maximum value (about 3.73%) at 90 Ω. When the
load resistance is a constant value of 60 Ω, Fig. 18(c) describes
the THD variations of the input line current as increasing of
the input voltage from 60 to 220 V, values of which are always
below 3%.

Under unbalanced input voltage, the THD of the input line
current is measured, as shown in Fig. 19. In Fig. 19, the input
voltage rms values of phase a are equal to 206.8 (220 ∗ 94%) V,
211.2 (220 ∗ 96%) V, 215.6 (220 ∗ 98%) V, 220 (220 ∗ 100%) V,
224.4 (220 ∗ 102%) V, 228.8 (220 ∗ 104%) V, 233.2 (220
∗ 106%) V, respectively; and the input voltage rms values of
phases b and c are equal to 220 V. From Fig. 4, the changing trend
of the THD becomes V shape; moreover, the THD increases with
the increase of the unbalanced degree.
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Fig. 19. THD of the input current under unbalanced input voltage. (For phase
a, the rms value of the input voltage varies from 206.8 to 233.2 V; for phase b
and c, the rms values of the input voltages are equal to 220 V).

V. CONCLUSION

This paper proposed a series-connected 24-pulse rectifier
based on a passive voltage harmonic injection method, which
uses an injection transformer and a single-phase bridge rectifier
at the dc-link to generate injection voltage, then achieves the
objective to reduce the harmonics of the input current. During
one power supply cycle, the step number of input voltages of the
phase-shifting transformer can be changed from 12 in a basic
circuit to 24 in the proposed rectifier when the turn ratio of the

injection transformer is optimally designed. The theoretical re-
sults demonstrated that the THD of the input voltage decreases
from about 15.2% to 7.6% after using the proposed method. Due
to the filtering of the input inductance, the theoretical THD of the
input current is less than that of the input voltage regardless of
using the proposed method. After using the proposed method,
the experimental results show that the THD of the input line
current is about 2.65%, which is less than that of the simula-
tion results. Due to the presence of the leakage inductance of
the phase-shifting transformer in experiments, which cannot be
ignored as in simulations, the THD of the input voltage and cur-
rent presented lower values in experimental results compared to
that of simulations, that is, it can obtain more smoother input
voltage and current waveforms in experiments. The harmon-
ics of the input current are significantly reduced and the power
factor is remarkably improved with the variations of the load
resistance and input voltage; under unbalanced conditions, the
proposed method can also reduce the harmonics effectively. The
most notable point is that the cost of harmonic reduction will be
quite low since the kVA rating of the injection transformer only
takes around 2.3% of the load power. Moreover, the proposed
rectifier is simple and easy to realize.

APPENDIX
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where α1 = umo + 4uM d, α2 = umo + uM d, and φ2 is the phase difference between ija and umLs
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