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Abstract—To address the low-voltage, high-current require-
ments in hydrogen production applications, a virtual 48-pulse
three-phase rectifier is proposed, and achieves the equivalent per-
formance of four parallel 12-pulse rectifiers (12-PR). The proposed
approach builds upon the conventional 12-PR design and incorpo-
rates novel asymmetric current injection units (ACIU). The ACIU is
installed on the dc side of the ac–dc converter, generating a specific
current at the dc link to modulate and enhance the operating modes
of the 12-PR. Consequently, the 12-pulse is extended to 48, result-
ing in an almost sinusoidal input current with a total harmonic
distortion of 3.2% and an output current with a ripple rate of
2.3%, thus significantly improving power quality. Furthermore,
the asymmetric design of the current injection units eliminates the
need for a phase-shifting transformer. The efficacy of the proposed
rectifier for electrolytic hydrogen production is validated using a
2.2-kW experimental prototype.

Index Terms—Electrolytic hydrogen production, power quality,
renewable energy, three-phase.
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I. INTRODUCTION

HYDROGEN energy has become a significant element in
the global energy transition due to its high energy density,

and its environmental advantages [1]. Various methods exist
for hydrogen production, such as water electrolysis, biological
processes, photolysis, and fossil fuel reforming. Among these,
hydrogen production through renewable energy-powered elec-
trolysis stands out for its ability to produce clean hydrogen
while also addressing the issues related to the intermittent and
unpredictable nature of renewable energy sources [2]. How-
ever, the power conversion systems for electrolysis face critical
challenges in balancing harmonic suppression, efficiency, and
scalability.

Hydrogen production power sources can generally be classi-
fied into two categories. The first is high-frequency pulsewidth
modulation (PWM) rectifiers. These systems utilize active
switches (e.g., IGBTs) to achieve low input harmonics [<5%
total harmonic distortion (THD)] and output ripples through
high-frequency modulation [3]. While effective for small-scale
applications, their reliance on expensive high-current switch-
ing devices becomes cost-prohibitive for MW-scale electroly-
sis plants. The second is multipulse diodes rectifiers. As the
dominant solution for high-power scenarios, these topologies
are classified by their pulse configurations. For 12/24-pulse
systems, the baseline topology employs phase-shifting trans-
formers to cancel 5th/7th harmonics, yet input current THD
remains above 10% [4], failing IEEE 519 standards. Increasing
pulse counts to 24 via passive current injection [6], [7] reduces
THD to 8%, but introduces auxiliary diode losses and output
ripple tradeoffs. For 48-pulse and beyond, recent advances focus
on harmonic suppression circuits. Unconventional interphase
reactors (UIRs) in [8] achieve 48-pulse operation with THD
≈3.8%, but require complex magnetic designs and suffer from
switch-induced losses. Pulse-doubling IPR configurations in [9]
and [10] eliminate active components through series/parallel
PD-IPR, yet induce substantial conduction losses in high-current
paths. Passive voltage harmonic injection in [11] extends pulse
to 30 but necessitates bulky series inductors, increasing sys-
tem volume and cost by 20%. Also, current injection units in
[12] enables N-pulse operation via specialized phase-shifting
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Fig. 1. Main circuit of proposed virtual 48-pulse rectifier.

transformers, but at the expense of component redundancy and
control complexity.

While current topological evolution demonstrates progressive
harmonic mitigation capabilities, three fundamental constraints
are revealed.

1) Pulse multiplication necessitates either multiwinding
transformer configurations (increasing magnetic com-
plexity) or lossy auxiliary power stages.

2) Inherent efficiency penalties exceeding 5% power loss (as
documented in [9], [10], and [11]) directly conflict with the
>95% efficiency mandates for MW-class electrolyzers.

3) Practical scalability remains fundamentally constrained
by geometric cost-volume scaling laws proportional to
pulse count elevation.

To address these limitations, this letter proposes a 48-pulse
hydrogen production power supply based on asymmetric current
injection units (ACIUs). The parallel connection of ACIU with
the load enables the proposed system to achieve low diode
conduction losses. Furthermore, transformers T1 and T2 imple-
ment identical winding structures with only output voltage dif-
ferentiation, significantly simplifying the circuit configuration
compared to existing designs. Notably, the ACIUs demonstrate
exceptional compactness, contributing merely 1.6% (diode loss
proportion) and 1% (volumetric/cost allocation) to the total
system implementation. Experimental verification confirms the
design’s effectiveness with THD maintained below 4% across
20%–100% loading conditions while achieving 98.1% peak
efficiency.

II. PROPOSED VIRTUAL 48-PULSE METHOD AND WORKING

PRINCIPLE

A. Configuration Analysis of Proposed Method

The proposed parallel topology comprises two Y-Y-D trans-
formers (T1 and T2), two sets of three-phase diode-bridge recti-
fiers (REC1 and REC2), and two ACIUs (ACIU1 and ACIU2), as
illustrated in Fig. 1. It is noteworthy that the asymmetric design
of the ACIU eliminates the possibility of phase shifting between
T1 and T2.

The ACIU1 and the ACIU2 double the pulse number of the
REC1 and the REC2 to 24 through the respective secondary-side
diode-bridge circuits, ultimately achieves a 48-pulse output

Fig. 2. Winding design of (a) Y-Y-D phase-shifting transformer and (b) ACIU.

Fig. 3. Working modes of ACIU. (a) Mode I. (b) Mode II. (c) Mode III.

through a parallel connection with a balanced reactor. In ad-
dition, Fig. 2(a) shows the winding configuration of the trans-
former T1&T2. Similarly, Fig. 2(b) shows the winding configu-
ration of the injection transformer. In Fig. 2(a), the turn ratio of
the primary and secondary windings of the Y-Y-D phase-shifting
transformer meets (1). Also, in Fig. 2(b), Nx, Np1, and Np2 are
the number of turns, and meet (2)

N1 : N2 : N3 = 1 : k1,2 :
√
3k1,2 (1)

Np1 : Np2 : Nx = m1,2 : m1,2 : 1 (2)

where k1 and k2 are the turns ratio between the primary and
secondary winding of the transformer T1 and T2, respectively.

B. Operating Modes of ACIU

Owing to the presence of the balanced reactor, both ACIU1
and ACIU2 can operate independently. Given the spatial lim-
itations of this section, the analysis will focus solely on the
operational mode of ACIU1. For simplicity, ACIU1’s operation
is classified into three modes accordance with the relationship
between the voltages up1 and ud5, as presented in Fig. 3.

Mode I: When −up1 > ud5, the auxiliary diode D1 is reverse
biased, and the auxiliary diode D2 conducts. The circuit operates
as shown in Fig. 3(a). According to the Kirchhoff voltage law
(KVL) and Kirchhoff current law, the input current and output
voltage of ACIU1 satisfy{

id1 = 0
id2 = 2m1

2m1+1Id5

{
ip1 = 0
ip2 = 1

2m1+1Id5{
ud5 = 2m1

2m1+1ud2

ud1 = 2m1−1
2m1+1ud2

. (3)

Mode II: When |up1|< ud5, the auxiliary diodes are all reverse
biased. The working mode of the circuit is presented in Fig. 3(b).
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Fig. 4. Principle of pulse wave multiplication of (a) input current and
(b) output voltage.

Similarly, the input current and output voltage of ACIU1 meet

id1 = id2 =
Id5
2

ip1 = ip2 = 0 ud5 =
ud1 + ud2

2
. (4)

Mode III: When up1 > ud5, the auxiliary diode D2 is re-
verse biased, and the auxiliary diode D1 conducts, as shown in
Fig. 3(c). Hence, the input current and output voltage of ACIU1
satisfy {

id1 = 2m1

2m1+1Id5

id2 = 0

{
ip1 = 1

2m1+1Id5

ip2 = 0{
ud5 = 2m1

2m1+1ud1

ud2 = 2m1−1
2m1+1ud1

(5)

where ud1, ud2, and Id5 represent the output voltage of rectifier
bridge REC1 and the output current of ACIU1, respectively.
Also, the relationship with the output current meets

Id5 = Id6 =
Id
2
. (6)

C. Design Considerations of ACIU

Fig. 4 shows the theoretical waveform of proposed method.
It presents an increase in the input current iA and output voltage
ud to 48-pulse due to the ACIU.

From Fig. 4(a), it is noticed that the input current iA of the
proposed hydrogen production power supply is 48-step. Then,
the angle of θ1 and θ2 can be expressed as

θ1 =
− arctan

[
(2
√
3− 4)m1 + 2 +

√
3
]

2m1 + 1
=

π

48

θ2 =
− arctan

[
(2
√
3− 4)m2 + 2 +

√
3
]

2m2 + 1
=

3π

48
(7)

where θ1 and θ2 are the angle when the working modes of ACIU1
and ACIU2 change for the first time in one cycle.

And, it can be expressed as

θ1,2 =
− arctan(2

√
3m1,2 − 4m1,2 + 2 +

√
3)

2m1,2 + 1
. (8)

According to (7) and (8), the turn ratios of the winding m1

and m2 are as

m1 = − tan
(

π
48

)
+ 2 +

√
3

2 tan
(

π
48

)
+ 2

√
3− 4

≈ 9.4

m2 = − tan
(

π
16

)
+ 2 +

√
3

2tan
(

π
16

)
+ 2

√
3− 4

≈ 28.5. (9)

The output voltages ud5 and ud6 of ACIU1 and ACIU2
are different due to the turn ratios, which leads to improper
functioning of the interphase reactor. To solve the issues of the
above-mentioned analysis, the turn ratio of the transformers T1
and T2 needs to be redesigned. According to KVL, the output
voltages ud5 and ud6 of ACIU1 and ACIU2 are expressed as

ud5,6 =

k1,2Um

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

2
√
3m1,2

2m1,2+1 cos(ωt) 0 < ωt < θ1,2
√
3[(2+

√
3) cos(ωt)+sin(ωt)]

4 θ1,2 < ωt < π
6 − θ1,2

2
√
3m1,2

2m1,2+1 sin
(
ωt+ π

3

)
π
6 − θ1,2 < ωt < π

6

(10)

where Um is the amplitude of the input phase voltage.
From (9) and (10), when the rms of ud5 and ud6 are the same,

k1 and k2 needs to meet

k2 : k1 = 0.983 : 1. (11)

III. PERFORMANCE ANALYSIS OF ACIU

A. THD Analysis of Input Current

Based on the analysis of the operating modes, the input current
iA is obtained in (12) shown at the bottom of the next page.
Consequently, using (9), (11), and (12), the THD of the input
current is calculated to be 3.8%

B. Capacity Analysis of ACIU

According to the mode analysis of ACIU, the input voltages
of ACIU1 and ACIU2 can be calculated as follows:

ux1,2 =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

2
√
3k1,2Um

2m1,2+1 cos (ωt) , ωt ∈
[
0, θ1,2

)
√
3k1,2Um

(
cos(ωt)

− sin
(
ωt+ π

3

))
, ωt ∈

[
θ1,2,

π
6 − θ1,2

)

− 2
√
3k1,2Um

2m1,2+1 sin
(
ωt+ π

3

)
, ωt ∈

[
π
6 − θ1,2,

π
6

)
. (13)

From (13), the rms of the voltage ux1 and ux2 can be calculated
as

Ux1_rms = 0.075Ud Ux2_rms = 0.032Ud. (14)
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Similarly, the input currents id1 and id3 of ACIU1 and ACIU2
are calculated as follows:

id1,3 =⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

m1,2

2m1,2+1Id, ωt ∈
[
0, θ1

)
∪
[
π
3 − θ1,

π
3

]
1
4Id, ωt ∈

[
θ1,

π
6 − θ1

)
∪
[
π
6 + θ1,

π
3 − θ1

)

0, ωt ∈
[
π
6 − θ1,

π
6 + θ1

) .

(15)

From (15), the rms of the current id1 and id3 are as

Id1_rms = Id2_rms = 0.274Id Id3_rms = Id4_rms = 0.326Id.
(16)

Similarly, the output currents of ACIU1 and ACIU2 ip1 and
ip3 are calculated as follows:

ip1,3 =

⎧⎪⎪⎨
⎪⎪⎩

1
4m1+2Id, ωt ∈

[
0, θ1,2

)
∪
[
π
3 − θ1,2,

π
3

)

0, ωt ∈
[
θ1,2,

π
3 − θ1,2

) . (17)

From (17), the rms of the currents ip1 and ip3 are as

Ip1_rms = Ip2_rms = 0.009Id Ip3_rms = Ip4_rms = 0.005Id.
(18)

Hence, the kVA rating of ACIU1 and ACIU2 are obtained by

SACIU1 =
1

2

[
1

2
Ux1_rmsId1_rms +

1

2
Ux1_rmsId2_rms

+m1Ux1_rmsIp1_rms+m1Ux1_rmsIp2_rms

]
=1.6%

(19)

SACIU2 =
1

2

[
1

2
Ux2_rmsId3_rms +

1

2
Ux2_rmsId4_rms

+m1Ux2_rmsIp3_rms +m1Ux2_rmsIp4_rms

]
= 1%.

(20)

IV. PERFORMANCE ANALYSIS

A. Loss Analysis

The proposed scheme uses a traditional 12 pulse rectifier as
the front-end, so its loss calculation will not be repeated. The
losses in ACIU mainly consist of the conduction losses of power
devices, as well as the core and ohmic losses of the interphase
reactor.

1) Conduction Loss of Diodes D1–D4: Combined with (17),
the effective value of the current flowing through diode D1 can

iA =

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

0, ωt ∈
[
0, θ1

)

k1
1

4
√
3
Id, ωt ∈

[
θ1, θ2

)

k1
1

4
√
3
Id + k2

1
4
√
3
Id, ωt ∈

[
θ2,

π
6−θ2

)

k1
1

4
√
3
Id + k2

m2√
3(2m2+1)

Id, ωt ∈
[
π
6−θ2,

π
6−θ1

)

k1
m1√

3(2m1+1)
Id + k2

m2√
3(2m2+1)

Id, ωt ∈
[
π
6−θ1,

π
6+θ1

)

k1

(
1
4 + 1

4
√
3

)
Id + k2

m2√
3(2m2+1)

Id, ωt ∈
[
π
6+θ1,

π
6+θ2

)

k1(
1
4 + 1

4
√
3
)Id + k2(

1
4 + 1

4
√
3
)Id, ωt ∈

[
π
6+θ2,

π
3 − θ2

)

k1

(
1
4 + 1

4
√
3

)
Id + k2

m2

(2m2+1)Id, ωt ∈
[
π
3 − θ2,

π
3 − θ1

)

k1
m1

(2m1+1)Id + k2
m2

(2m2+1)Id, ωt ∈
[
π
3 − θ1,

π
3+θ1

)

k1

(
1
4 + 1

2
√
3

)
Id + k2

m2

(2m2+1)Id, ωt ∈
[
π
3 + θ1,

π
3 + θ2

)

k1

(
1
4 + 1

2
√
3

)
Id + k2

(
1
4 + 1

2
√
3

)
Id, ωt ∈

[
π
3 + θ2,

π
2 − θ2

)

k1

(
1
4 + 1

2
√
3

)
Id + k2

2m2√
3(2m2+1)

Id, ωt ∈
[
π
2 − θ2,

π
2 − θ1

)

k1
2m1√

3(2m1+1)
Id + k2

2m2√
3(2m2+1)

Id, ωt ∈
[
π
2 − θ1,

π
2

)

(12)
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TABLE I
COMPARISON RESULTS BETWEEN PROPOSED METHOD AND SIMILAR WORKS

Fig. 5. Efficiency curve under different output power (a) of simulation results
and (b) experimental results.

be expressed as

ID1_rms =

√
1

2π

∫ 2π

0

ip1
2dωt = 0.009Id. (21)

The total conduction loss of diodes D1–D2 is

Ploss_D1−D2 = 2× 0.009Id × Von = 0.018IdVon (22)

where Von is the conductance voltage drop.
Similarly, the effective value of the current flowing through

diode D3 is

ID3_rms =

√
1

2π

∫ 2π

0

ip3
2dωt = 0.005Id. (23)

The total conduction loss of diodes D3–D4 is

Ploss_D3−D4 = 2× 0.005Id × Von = 0.01IdVon. (24)

2) Analysis of Interphase Reactor Losses: The losses in the
interphase reactor are primarily divided into the core loss and the
ohmic loss. Specifically, the core loss can be further categorized

into the hysteresis loss Ph and the eddy current loss Pe{
Ph1,2 = m1,2kh1,2fB

1.6
m1,2

Pe1,2 = m1,2ke1,2f
2B2

m1,2

(25)

where m1 and m2 is the weight of the interphase reactor, kh1,2
and ke1,2 denote the iron loss coefficients, f is the operating
frequency, and Bm1,2 is the maximum magnetic flux density.

The ohmic loss of the ACIU1 and ACIU2 can be expressed
as follows:

Po1,2 = I2d1,3_rmsRHI1,2 + I2p1,3_rmsREF1,2 (26)

where Id1,3_rms and Ip1,3_rms respectively represent the effec-
tive values of the primary and secondary side current in ACIU1
and ACIU2. REF1,2, RHI1,2 are the winding resistance of ACIU1
and ACIU2, as shown in Fig. 2(b).

To verify the efficiency at various output voltages under rated
power and different output power levels, we employed a PSIM-
based thermal simulation, with the results displayed in Fig. 5(a).
Compared to traditional 48-pulse rectifier, the proposed method
significantly reduces the number of phase-shifting transformers
and power devices, as shown in Table I, resulting in better effi-
ciency. It is worth noting that the loss of PCB is not considered in
the PSIM model, so the simulation efficiency is slightly higher
than the measured efficiency, as shown in Fig. 5(b). As seen
in Fig. 5, the efficiency for output power ranging from 1.2 to
2.6 kW is also satisfactorily high, at above 95.5%.

B. Comparative Analysis With Similar 48-Pulse Methods

Based on the principle of fairness and to highlight the advan-
tages and limitations of the proposed method, Table I provides a
comparison with related studies referenced in [8], [9], [10], and
[13]. Furthermore, Table II outlines the costs of different 1MVA
rectifiers used for electrolytic hydrogen production. These costs
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TABLE II
COST OF DIFFERENT RECTIFIERS

are based on a specific estimation example and should be con-
sidered as approximate values.

From the perspective of the efficiency, achieving the simplic-
ity of the pulse multiplication circuit and providing more op-
erating modes in the rectifier necessitates the direct connection
of power devices to the load. However, hydrogen production
requires electrical energy characterized by low voltage and high
current. In comparison to the configuration with six devices
in [8] and four devices in [10], the approach presented in this
letter utilizes zero devices. As a result, the conduction losses are
minimized, and transmission efficiency is improved. Although
the quantity is similar, the complex multiport structure in [9]
presents a challenge for large-scale production.

From the design complexity, the complexity of the rectifier
structure is primarily determined by the phase-shifting trans-
formers and the pulse multiplication unit. Compared to [8] and
[13], which employ multiple pulse multiplication circuits and
multiwinding phase-shifting transformers to achieve 48-pulse,
the components used by the proposed method are all standard
parts, such as phase-shifting transformers and pulse multiplica-
tion units. Therefore, the manufacturing process is simple and
easy to mass produce, and the power density is higher.

From the perspective of the cost, the rectifier’s dc output
voltage is 200 V, and the current is 5000 A. While comparing the
total costs of M1 and M2, the proposed method M3 offers savings
of approximately 47% and 77%, respectively. It is important to
note that these costs will increase as the nominal power rating
rises. In addition, while the base failure rate of diodes is less than
22 Failure in Time (FIT), the IGBT’s failure rate is 100 FIT, as
reported in [15].

V. RESULT AND DISCUSSION

A 2.2-kW proof-of-concept hardware prototype is built to
verify the correctness of the theoretical analysis, as depicted in
Fig. 6. A 3-Ω resistor is connected in series with the electrolyzer
cell (EC) to facilitate voltage division. In addition, the input volt-
age of 380 VAC and the bus frequency of 50 Hz are maintained
by the power grid simulator 61 815. The turns ratio of ACIU1 is
0.5:0.5:9.4:9.4. The turns ratio of ACIU2 is 0.5:0.5:28.5:28.5.
Besides, the experimental parameters employed are consistent
with those used in the simulation, where the simulation results
is obtained by using PSIM software.

First, the power quality analysis is discussed as follows. Under
the same input voltage and power, Fig. 7 illustrates the input

Fig. 6. Experimental setup of proposed hydrogen production power supply.

Fig. 7. Power quality analysis. (a) Simulation result of input current and THD
without ACIU. (b) Simulation result of input current and THD with ACIU.
(c) Experimental result of input current and THD without ACIU. (d) Exper-
imental result of input current and THD ACIU. (e) Input and output current
waveforms of 12-pulse diode rectifier with multibuck converter.

current and the THD of the rectifier, both with and without the
ACIU. The simulation results are depicted in Fig. 7(a) and (b),
showing that the proposed method achieves a highly effective
48-step waveform, significantly reducing the THD from 14.90%
to 3.61%. In addition, the experimental results are presented in
Fig. 7(c) and (d). Due to the influence of leakage inductance, the
measured THD is slightly lower than the simulated values, and
the input current demonstrates improved smoothness. Therefore,
the proposed method exhibits strong harmonic suppression capa-
bilities, achieving a measured THD of 3.2%. Also, the 12-pulse
diode rectifier with the multibuck converter is simulated, and
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Fig. 8. Analysis of hydrogen production efficiency. (a) Simulation results
of injection current ip1&ip3. (b) Experimental results of injection current ip1
and ip3. (c) Experimental result of output current of rectifier without ACIU.
(d) Experimental result of output current of proposed method. (e) Display of H2
meter of rectifier without ACIU and proposed method.

the key waveforms are shown in Fig. 7(e). While the scheme
effectively suppresses the current ripple, its inherent topology
introduces significant harmonic distortion into the grid, necessi-
tating supplementary passive/active filter for compliance with
power quality standards. Furthermore, the direct conduction
of high-amplitude currents through PWM converters imposes
substantial thermal stress.

Second, the harmonic distortion in the proposed method is
significantly minimized due to the implementation of the ACIU.
Consequently, the waveform of the ACIU is presented. Fig. 8(a)
and (b) shows the simulation and experimental waveforms of the
currents ip1 and ip3, respectively. It can be seen that the currents
ip1 and ip3 became the square wave with a frequency of 150 Hz,
and these are consistent with the simulation result. Meanwhile,
due to the influence of leakage inductance, the rising and falling
edges are presented in Fig. 8(b), and are gentler than those of the
simulation results in Fig. 8(a). In both cases, the input power was
kept constant to ensure that the observed increase in hydrogen
production is attributed solely to the proposed method and not to
differences in power input. Furthermore, Fig. 8(c)–(e) illustrates
the output current id and the hydrogen production of the rectifier
both with and without the ACIU. It is evident that the current
ripple is reduced from 7.2% to 2.3%, while hydrogen production
increases from 1983 to 2037 mL/min, accompanied by a 2.7%
enhancement in efficiency. This is because the hydrogen pro-
duction of the EC is directly proportional to the mean value of
dc current supplied to the EC and the current ripple causes local
overheating and additional losses in EC [3]. Furthermore, the
high ripple can induce fluctuations in current density, resulting
in nonuniform reactions on the electrode surface, which in turn
accelerate electrode corrosion or lead to uneven deposition. This
improvement highlights its suitability for hydrogen production
applications.

Fig. 9. Power performance analysis. (a) Simulation result of input current
of proposed scheme. (b) Considering fault tolerance of +10% in ACIU.
(c) Considering fault tolerance of −10% in ACIU. (d) Power quality under
different fault-tolerant conditions.

Finally, the comprehensive performance assessments, includ-
ing fault tolerance analysis, have been conducted. Fig. 9(a)
illustrates the input and output current waveforms using the
parameters derived from theoretical analysis within the ACIU.
Fig. 9(b) depicts the input and output currents under a +10%
fault tolerance in the ACIU. As a result, the THD of the input
current increases from 3.7% to 4%, and the ripple of the output
current rises from 0.23% to 0.49%. Similarly, as shown in
Fig. 9(c), considering a −10% fault tolerance in the ACIU, the
THD of the input current and the ripple of the output current
increased to 4.1% and 0.5%, respectively. Furthermore, Fig. 9(d)
presents the THD of the input current and the ripple of the output
current under various levels of fault tolerance. As observed
in Fig. 9(d), the proposed hydrogen production power supply
consistently maintains high power quality.

VI. CONCLUSION

A novel rectifier specifically engineered for low-voltage and
high-current applications presents innovative solutions for elec-
trolytic hydrogen production. This study thoroughly analyzes
the operational requirements, the design of ACIU and kVA
rating. Both simulation and experimental results have been
conducted to validate the theoretical analysis. The findings
indicate that the ripple and harmonic distortions were effectively
maintained below 2.5% and 3.5%, respectively. Furthermore, the
fault tolerance characteristics enhance mass production capabil-
ities, while the reduced costs render seamless power capacity
expansion feasible.

REFERENCES

[1] H. Tian, W. Han, M. Chen, G. Liang, and Z. Tang, “Common-ground
type switching step-up/step-down VSI for grid-connected PV system,”
IEEE Trans. Power Electron., vol. 39, no. 8, pp. 10390–10398, Aug. 2024,
doi: 10.1109/TPEL.2024.3393624.

[2] H. Cheng, Y. Xia, and W. Wei, “Self-optimization control for alka-
line water electrolyzers considering electrolyzer temperature variations,”
IEEE Trans. Ind. Electron., vol. 72, no. 3, pp. 2700–2711, Mar. 2025,
doi: 10.1109/TIE.2024.3440494.

https://dx.doi.org/10.1109/TPEL.2024.3393624
https://dx.doi.org/10.1109/TIE.2024.3440494


10342 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 8, AUGUST 2025

[3] H. Tian, W. Han, J. Sathik M, M. Chen, G. Liang, and S.
Mekhilef, “High-efficiency, High-power asymmetrically designed three-
phase power supply for electrolytic hydrogen production,” IEEE
Trans. Power Electron., vol. 40, no. 1, pp. 92–97, Jan. 2025,
doi: 10.1109/TPEL.2024.3464675.

[4] J. Wang, A. Chen, L. Li, C. Zhao, X. Yao, and Q. Chen, “A sim-
ple 36-pulse rectifier with passive pulse-tripling circuit at the DC
side,” IEEE Trans. Ind. Electron., vol. 70, no. 1, pp. 17–28, Jan. 2023,
doi: 10.1109/TIE.2022.3150109.

[5] Q. Du, L. Gao, Q. Li, T. Li, and F. Meng, “Harmonic reduction meth-
ods at DC side of parallel-connected multipulse rectifiers: A review,”
IEEE Trans. Power Electron., vol. 36, no. 3, pp. 2768–2782, Mar. 2021,
doi: 10.1109/TPEL.2020.3013407.

[6] J. Wang, Y. Lv, L. Li, X. Yao, Q. Guan, and Q. Chen, “A 24-pulse
rectifier with a passive auxiliary current injection circuit at DC side,”
IEEE Trans. Power Electron., vol. 37, no. 9, pp. 11109–11123, Sep. 2022,
doi: 10.1109/TPEL.2022.3160944.

[7] S. Yang, J. Wang, and W. Yang, “A novel 24-pulse diode rectifier
with an auxiliary single-phase full-wave rectifier at DC side,” IEEE
Trans. Power Electron., vol. 32, no. 3, pp. 1885–1893, Mar. 2017,
doi: 10.1109/TPEL.2016.2560200.

[8] Y. Lian, S. Yang, and W. Yang, “Optimum design of 48-pulse rectifier using
unconventional interphase reactor,” IEEE Access, vol. 7, pp. 61240–61250,
2019, doi: 10.1109/ACCESS.2019.2902453.

[9] J. Chen, H. Bai, J. Chen, and C. Gong, “A novel parallel config-
ured 48-pulse autotransformer rectifier for aviation application,” IEEE
Trans. Power Electron., vol. 37, no. 2, pp. 2125–2138, Feb. 2022,
doi: 10.1109/TPEL.2021.3106322.

[10] J. Wang, T. Liu, T. Yu, C. Zhao, X. Yao, and Q. Chen, “A series-connected
24-pulse star rectifier employing two different pulse-doubling interphase
reactors,” IEEE Trans. Power Electron., vol. 39, no. 1, pp. 1460–1481,
Jan. 2024, doi: 10.1109/TPEL.2023.3323795.

[11] Q. Li, F. Meng, L. Gao, H. Zhang, and Q. Du, “A 30-pulse rec-
tifier using passive voltage harmonic injection method at DC link,”
IEEE Trans. Ind. Electron., vol. 67, no. 11, pp. 9273–9291, Nov. 2020,
doi: 10.1109/TIE.2019.2956404.

[12] Q. Du, L. Gao, Q. Li, S. Wang, F. Li, and F. Meng, “Re-
search on the DC-side passive harmonic reduction methods of the
ultramultiphase parallel-connected multipulse rectifier,” IEEE Trans.
Power Electron., vol. 37, no. 12, pp. 14809–14819, Dec. 2022,
doi: 10.1109/TPEL.2022.3197307.

[13] M. S. Akther, F. Afreen Nishat, M. M. Alam, R. Parvin Mou, and M. S.
Ali, “A unique 48-pulse passive rectifier for harmonics compensation,” in
Proc. IEEE Int. Women Eng. Conf. Elect. Comput. Eng., 2020, pp. 1–4,
doi: 10.1109/WIECON-ECE52138.2020.9397937.

[14] T. Song, Y. Zhang, F. Gao, X. Zhu, J. Shan, and Z. Kong,
“Power model free voltage ripple suppression method of three-
phase PWM rectifier under unbalanced grid,” IEEE Trans.
Power Electron., vol. 37, no. 11, pp. 13799–13807, Nov. 2022,
doi: 10.1109/TPEL.2022.3184403.

[15] H. Ding, Q. Hu, J. Li, J. Lin, L. Hong, and Z. Wu, “An electrolyzer model
for power system operation optimization over broad temperature range,”
IEEE Trans. Sustain. Energy, vol. 15, no. 3, pp. 2126–2129, Jul. 2024,
doi: 10.1109/TSTE.2024.3375074.

https://dx.doi.org/10.1109/TPEL.2024.3464675
https://dx.doi.org/10.1109/TIE.2022.3150109
https://dx.doi.org/10.1109/TPEL.2020.3013407
https://dx.doi.org/10.1109/TPEL.2022.3160944
https://dx.doi.org/10.1109/TPEL.2016.2560200
https://dx.doi.org/10.1109/ACCESS.2019.2902453
https://dx.doi.org/10.1109/TPEL.2021.3106322
https://dx.doi.org/10.1109/TPEL.2023.3323795
https://dx.doi.org/10.1109/TIE.2019.2956404
https://dx.doi.org/10.1109/TPEL.2022.3197307
https://dx.doi.org/10.1109/WIECON-ECE52138.2020.9397937
https://dx.doi.org/10.1109/TPEL.2022.3184403
https://dx.doi.org/10.1109/TSTE.2024.3375074


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


