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Symmetrical Virtual 48-Pulse Rectifier With
Hybrid Multimode Pulse Multiplication
for High-Current-Density
Hydrogen Electrolyzers

Hanlei Tian
Jinliang Huang
Maolin Chen

Abstract—The integration of renewable energy with electrolytic
hydrogen production presents a promising pathway for reconcil-
ing generation-demand imbalances and reducing carbon-intensive
hydrogen costs. However, existing power conversion systems suffer
from critical limitations including excessive harmonic distortion,
prohibitive output current ripple, and inadequate fault tolerance
under high-current operation. This article proposes a novel virtual
48-pulse rectifier topology incorporating modular passive pulse-
multiplication circuits (PPMCs) to address these challenges. The
key innovation lies in deploying symmetric PPMC modules at
the dc side of a dual six-pulse rectifier pair, which strategically
synthesizes multilevel current waveforms through passive compo-
nent interactions. This configuration achieves three key merits:
Unprecedented power quality with input total harmonic distortion
< 3% and output ripple <1.5%; cost-effective scalability requiring
only few of additional passive components compared to baseline
12-pulse systems; and inherent fault tolerance via parallel redun-
dancy, maintaining functionality during single-module failures.
The effectiveness of the proposed rectifier in electrolytic hydrogen
production is demonstrated through validation with a 1.2 kW
experimental prototype.
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I. INTRODUCTION

URRENTLY, researchers are increasingly focusing on
C addressing the issue of curtailed solar power and power
restrictions [1]. The Integrated photovoltaic-energy storage-
hydrogen production system has provided a new perspective
for addressing the problem of abandoned light, holding signif-
icant importance in enabling on-site photovoltaic consumption
and the efficient utilization of renewable energy through var-
ious channels [2], [3]. Scholars from diverse countries have
extensively researched hydrogen energy storage coupled with
renewable energy systems, proposing a range of solutions. These
include adaptive neuro-fuzzy inference methods based on wind
solar storage hydrogen systems [4], power management strate-
gies based on state control [5], and online power regulation of
wind-solar storage hydrogen coupled systems based on weight
adjustment model predictive control [6].

Few studies have delved into the investigation of hydrogen
production power supplies, which serve as critical compo-
nents in the process. This oversight significantly hampers the
broader adoption of hydrogen energy technologies. Fig. 1 is the
schematic diagram of hydrogen production by electrolysis of
water. In addition, Koponen et al. [7] studied the relationship
between the current quality and Hydrogen production efficiency,
where the mathematical relationship is shown in (1). The find-
ings demonstrate that the hydrogen production rate fro of a
single electrolyzer is directly proportional to the average current
ice11; and the presence of current ripples incurs additional losses
in the electrolyzer. Consequently, it is imperative to utilize a
power supply characterized by high amplitude and minimal
ripple to ensure elevated hydrogen production and transmission
efficiencies. In this regard, the 12-PR emerges as the optimal
choice for a hydrogen production power source, offering signif-
icant benefits due to its simple circuit structure, high reliability,
low cost, and enhanced overload capacity [8]. Nonetheless, the
input current of the 12-PR contains a large number of 12k=+1
harmonics, resulting in a total harmonic distortion (THD) of
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Hydrogen production power supply

Principle diagram of hydrogen production by electrolysis of water.
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Fig. 1.

15.2%, which fails to comply with the harmonic standards
prescribed by IEEE519. Furthermore, the considerable ripple
in the output current detrimentally impacts the efficiency of
hydrogen production
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In response to this, two principal approaches are employed,
namely active and passive methods. Active methods involve the
increasing use of pulsewidth modulation (PWM) rectifiers as
front-end interfaces to reduce harmonic pollution in terrestrial
applications, as studied in [9] and [10]. Nonetheless, compared
to passive methods, PWM techniques do not offer advantages
in terms of power capacity, cost, or efficiency, as thoroughly
assessed in [11] and [12]. In this regard, many studies have
attempted dc-side passive current modulation technology. The
principle of this technology involves utilizing an enhanced
tapped reactor to generate a square wave circulating current on
the dc side. This approach not only compensates for grid-side
harmonics but also effectively suppresses ripples on the dc side.
In [13], [14], and [15], a dual auxiliary transformer is adopted
to fulfill the above purpose. However, it is necessary to install
two large capacitors on the dc side of the rectifier to establish a
neutral point. In [16], [17], [18], [19], and [20], various passive
pulse multiplication rectifiers, including single-phase full-wave
rectifiers and tapped inter-phase bridge rectifiers, are utilized to
enhance the current pulse count from 12 to 24, 12 to 36 and from
20 to 40. Further, Lian et al. [21] proposed a methodology that
combines phase-shifting transformers with active reactors. This
approach successfully facilitated the conversion from 12-pulse
to 48-pulse configurations, while addressing the limitation of tra-
ditional reactors in achieving triple-pulse multiplication. While
the aforementioned scheme effectively mitigates issues related
to harmonics and ripples to some extent, it does not address
the requirements for withstanding ultra-high currents essential
for ensuring efficient hydrogen production. Consequently, these
methods are not suitable for hydrogen production scenarios.

In view of this, this article proposes a novel symmetrical and
parallel passive pulse-multiplication circuit (PPMC) architec-
ture integrated with a 12-pulse rectifier, specifically designed
for high-current-density hydrogen electrolyzers. The proposed
topology achieves 48-pulse operation with minimal additional

6027

Uy Loy

12-PR

Upy 'lbll [

Lot

} 81 - u‘dl.l +

Ugy Loy
NN

T Uy lbla
Uy Ly

Uy i

.\ i - Y+
Grid
uc ic

24-PR
u

a2l -i”2!

Ug Loy

= Zgn @

Uy Ly
mﬂ_

Uy by
_NVV\»H-

48-PR [Lezlez |

Fig. 2.

[ 1]
=

Py d

| []]
=
|

p - - b
Ind—EN, laq—L Ny ind—IN, iGN g TN

4 b 1 b | A || .
la12 WAL Nz Lo N, 10N N, 1) N 1.5 N.

(a) (b)

Fig. 3.
(b) T2.

Winding configuration of the double-star isolated transformer. (a) T1.

components, offering substantial improvements in both perfor-
mance and reliability. Key innovations include a modular and
symmetric design that simplifies manufacturing and enhances
scalability, inherent fault tolerance allowing continuous oper-
ation during module failures, and superior power quality with
input current THD below 3% and output current ripple under
1.5%. This article provides a cost-effective and robust power
conversion solution tailored to the demanding requirements
of electrolytic hydrogen production, addressing limitations of
existing passive methods and offering new insights into high-
efficiency rectifier design.

II. ToOPOLOGY OF PROPOSED HYDROGEN PRODUCTION
RECTIFIER

The proposed parallel topology consists of one 12-PR and
three passive pulse-multiplication circuits (PPMC1, PPMC2,
and PPMC3), as depicted in Fig. 2. Additionally, the PPMC
comprises an injection transformer and two diodes.

The co-modulation structure is used to quadruple the pulse
number of the 12-PR, ultimately achieving 48 pulses. Specifi-
cally, PPMC1 and PPMC?2 respectively doubled the 6-PR to 12
pulses, and then PPMC3 doubled the 12 pulses to 24 pulses,
ultimately forming 48 pulses. Additionally, Fig. 3 shows the
winding configuration of the double-star isolated transformer,
respectively. Similarly, Fig. 4 shows the winding configuration
of the injection transformer, respectively.
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Fig. 4. Winding configuration of injection transformer. (a) PPMCI.
(b) PPMC3.

III. ANALYSIS OF OPERATING CONDITIONS OF INJECTION
TRANSFORMER

The turns-ratio derivation yields the optimal transformer turns
ratio that ensures proper diode conduction and enables 48-pulse
waveform synthesis. Before designing the injection transformer
for PPMC, to simplify the analysis, the following assumptions
and definitions are made as follows.

1) The proposed topology of hydrogen production rectifier
is powered by a three-phase power grid, with no input
voltage distortion and satisfying (2)

2) To achieve 45 phase shift, the structures of transformers
T1 and T2 are shown in Fig. 2, with turn ratios of (3),
respectively.

3) To facilitate further analysis, the turn ratio of the injection
transformer is designed as Npg:Ny1:Nrj = Lim:m

ug = Up, sin(wt)

up = Uy, sin(wt — 2T) 2)
uc = Uy, sin(wt + 3F)

Ny _ Ns _

N. — N,

]J\V% — kg = @

where U,, is the amplitude of the phase voltage of the rectifier,
and N, is the effective turns of the primary winding, as expressed
in

N3 + % Ny

N pr—
Y cos o

“)

where o = 7/4.

A. Injection Transformer PPMC1

The output voltage of the transformer 71 secondary side can
be expressed as

Ug11 = kUp, sin(wt), ubu = kU,, sin(wt — —)
U1 = kU, sin(wt + 2 %)y Uiz = kUp, sin(wt — )
upro = kU, sin(wt + %), U1z = kUp, sin(wt — %)

(&)
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Fig. 5. Theoretical waveforms of |uy, |, and uq;.

When PPMCl is inactive, the output voltage of THR 1 and THR2
can be expressed as

Ug11 = maX(Ua117ub117Uc11), Ugi2 = maX(uam, Up12, Uc12)-

(6)
The output voltage of PPMCl is
wgy — Uq11 -2Fud12 7

The absolute value of PPMCI1 primary winding voltage is

®)

|Up1| = |Ud11 - Udlz\ .

In accordance to (5)—(8) and Krichhoff‘s voltage law, w411,

Ugd12, Udt, |up1| are expressed as
kU, sin(wt + 2F)  wt € (0, 7]
kU, Sln(Wt) wt € (%, %]
U, =
i kU, sin(wt — %’T) wt € (%ﬂ, 377‘}
kUp, sin(wt + 28)  wt € (35, 27]
kUp sin(wt + §) wt € (0, 5]
us Jusiis
it — kUpsin(wt — %) wt € (5, ] ©
kU, sin(wt — ) wt € (%’r, ”T”}
kU, sin(wt + §)  wt € (L5, 2]
V3 sin(wt + T)wt € (0, I
Ug1 = \/gkéUm sin(wt + % _ 2ré7r)wt c (2716—i-17r7 2ng—37r]
V3kUnm gin(wt + T)wt € (LT, 27]
kUp, sin(wt)wt € (0, %]
—kU,, sin(wt — Z)wt € (%, Z]
[upml =, BN (10)
U sin(wt — §)wt € (5, 5]
kUp, sin(wt + §)wt € (372?7’]

According to the structure of PPMCI in the rectifier, the
relationship between the absolute value of the voltage u,; and
the voltage u,; determines the operating modes of PPMC, and
the waveform is shown in Fig. 5.

In accordance to Fig. 5, when wt = 7/6, upq and uq; are both
peak values. PPMCl is operated properly, then

[ux1| = ma [up1| > uay.

(1)
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Fig. 6.  Theoretical waveform of |uy,3|, and ug.
Substituting (10) into (11), we have
U
my > —2 > 1.5. (12)
|U'p1| wt=1

Consequently, to guarantee the regular operation of PPMC1,
the turn ratio must exceed 1.5. Similarly, the turn ratio for
PPMC?2 is also required to be greater than 1.5.

B. Injection Transformer PPMC3

To facilitate the analysis of PPMC3, decoupling analysis
method is used, and PPMC1 and PPMC?2 are set to operate at the
optimal transformation ratio. Consequently, the output voltage
is calculated as

@kUm cos(wt) wt € (0, Z]

Udl = ?kUm sin(wt + %) wt € ({5, Ly
?kUm sin(wt + §) wt € (7, 3]

s {\égkiUm sin(wt + %T) wt € (0, §] 13
BEU,, sin(wt + 3%) wt € (5, %]

In accordance to (7) and (8), similarly u4 and |u,;3| are calcu-
lated following:

_ {‘kam [cos(wt) + sin(wt + 37)] wt € (0, 5]
@kUm[SiH(Wt + Z) +sin(wt + 33)] wt € (55, 5]
(14)
[ups| =

@kUm [cos(wt) — sin(wt + 37)] wt € (0,2%]

—gkUm[cos(wt) — sin(wt + %r)] wt € (&, 5]

— kU [sin(wt + §) - sin(wt + )]t € (5., 3]

?kUm[sin(wt +I) —sin(wt + 22)]  wt e (3T, 7]
(15)

In accordance to (14) and (15), the theoretical waveform of
|3 and u4 is obtained, as shown in Fig. 6. From Fig. 6, while
wt = w/12, u,3 and ug are both peak values. Thus, PPMC3 is
operated properly, then

[ugs| = msg [ups| > uq (16)
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where u,3 is the second winding voltage of the PPMC3.
Substituting (14) and (15) into (16), thus we have (17). Con-
sequently, to guarantee the normal operation of PPMC3, the turn
ratio should be greater than 28.85. It should be noted that m; and
mg differ markedly, owing to their different operating stages and
the vastly different available excitation amplitudes
Ud

ms > > 28.85. (17)

o |u;03| wt:%

IV. FAULT TOLERANCE ANALYSIS OF INJECTION
TRANSFORMER

The flat region of the THD-versus-turns-ratio curve affords
critical manufacturing tolerance for the transformer, underpin-
ning high-volume manufacturability and fault tolerance. Con-
sequently, this section will analyze the turn ratio design and
and validate its fault tolerance characteristics of the injection
transformer.

A. Optimal Turn Ratio of PPMCI

In accordance the Krichhoff‘s current law (KCL), the current
iA1 can be expressed as

) ) 1. ) 1.
iar =k Klan - 3ld11) - (Zalz - 3Zd12>:| .

According to the modal analysis, the current i 711 and i 415 can
be expressed as

(18)

%Id wt € (0301]7(%7017%+01}7(2%70172%}
tq11 =40 wt € (01, 5—01]
QiTJlrlld wt € (%'f’gl, 2%—91}
(19)
%gd wt € (0u91]7(%_917%+01}7(2%_6172%]
g2 = 2mTJlr1[d wt € (917 %-91]
0 wt € (5461, % —01]

(20)

where 6, is the electrical angle when the working modes of
PPMCI changes for the first time in one period. The electrical
angle meets

ugr(01) = |uz1(61)] 21
Substituting (10) and (11) into (21), we have
01 = arctan <\/§> . (22)
le

Meanwhile, the relationship between the current i, 1,412 and
the currentigq; 1,412 can be respected by the following equations:

111 = 14115611
ta12 = 14125012
ie12 = 1d125¢c12

lg11 = 141159011,
fe11 = td115¢11,
12 = 14125012,

(23)

where S,11, Sp11, Sc11, Sa12, Sp12, and S¢12 are the correspond-
ing switching function, and S,1; is expressed by

1 T 5T
Sall:{ wt €[5, 5]

0 Others (24)
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Besides, the relationship between other switching functions
and S, is obtained by

Spor = Sa21Z — 2F, Seo1 = Sa21 ZE
Sa22 = Sa214 — 7T Spao = Spo1 L — 7
Seas = Send —m

(25)

In accordance to (18), the input current i 41 is expressed by
TA] =

Owt € (0 01] 7mldwt S (917 3 91]
[dwt (S (* — 917 3 + 91], m[dwt S (%"‘01, %]

(26)

Furthermore, in accordance to (26), the THD of the current
i 41 can be obtained as

VI -7

THD; 41 = Fi
1

(27)
where 147 and I; are the RMS value and the fundamental
component of iAl, respectively. Both quantities are computed
from (26) in MATLAB.

Subsequently, the relation between the current i4; and the
turn ratio m; is illustrated in Fig. 7 via MATLAB. From Fig. 7,
when m; = v/3 + 1.5, the THD reaches its minimum value of
15.2%, and meets

\/3 ™
0 =arctan | —— | = —.
2my 12

(28)

Due to the proposed structure’s good symmetry, the same
derivation can also be applied to i 45; however, further details will
not be elaborated here. Fig. 7 illustrates that the trend around the
optimal turn ratio is relatively flat, providing a substantial margin
for fault tolerance in mass production. Furthermore, the fault
tolerance results of the injection transformer will be discussed
in the verification section.

B. Design and Analysis of PPMC3

In accordance the KCL, the current i 4 can be expressed as

14 =141+ 142 (29)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

where the current i 41 and i 4o can be calculated by (26) and (30),
respectively.

iq
ia2 = k(katgor — k3ico1 + i — (koiaoa — ksicoo + %))

6
(30)
According to the modal analysis, the current iz; and i,y
satisfies (31) within one cycle

2ms

smerla wt € (0,05]
lfd wt € (03, 5 12 ]
tg1 = 0 wt € ({503, 12+93] ’
1[(1 wt € (1%+ 93}
ﬁ@@ime@e&}
0 wt € (0,0 ]
%Id wt € (03 ]
lg2 = % wt € (112 93, 13 +93] 31
514 wt € (%4‘03, 5—93}
0 wt € (% 03, %}

where 63 is the angle at which PPMC3 undergoes its first mode
transition within a cycle, and satisfies
ua(83) = lua(63)]. (32)
Similarly, the current i 11, 412, ig21 and i 20 are expressed by
(A1) and (A2), the relationship between the current i1, 422,
ic21, Ic22 and the current i go1, i422 is expressed by (35)

Ga21 = 14215221, 21 = td215b21

121 = 14219¢21, 1022 = 14225222 (33)
1522 = 14225b22, Te22 = 14225¢22
For instance, the switching function of S,1; is
lwt € [0,72], (23® 27
Suz1 = 0.5], (55" 2] (34)
Oothers

Subsequently, the relationship between other switching func-
tions can be expressed as

Spo1 = Se214—5F,
Sa22 = Sa214— 7T
Seoz = Sea1 L—7

2
Sch = SaZIZ?ﬂ'

Spao = Spa1L—m (35)

Combining (12), (17), (18), (31), and (A1), the current i4;
can be obtained as (A3). Similarly, combining (30), (31), and
(32)—(35) and (A2), the current i4o can be obtained. Due to

symmetry, only [0, 7] is analyzed. Then, combining (29) and
(38), we have

Owt € (0,93]

kgildwt S (93, 17r2 93]

k‘22 Idwt c (12 03, 12+93]
\Fld + kg Tywt € (12+93, 5 93]

\éggm +1Id(-‘-)t € ( 937 6+93]
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T\/Qg.rd + (gjd + kz?ld)wt € (2405, T—03]
(VBhs + ) 5 Tqwt € (503, 5+03)
Mg+ (BIg+ ke LIy wt € (5463, T—65)
io J e lawt € (503, 5+03]

lI‘ k lI k lI T1f 5j_9
ila+ (kagla + k3zlg)wt € (5+03, 75 —0s]
(k2 + k) gt Lot € (3505, 35+
?Id + (kzifd + kg%]d)wt c (%UFQS, T _s]

V3 _2m:
?277::-?-1]dwt € (giei’)? %]

(36)

Similarly, the relation between the current i 4 and the turn ratio
ms be shown in Fig. 8 via MATLAB. From Fig. 8, when m3 =
57.9, the THD reaches its minimum value of 3.8%. Meanwhile,

the flat trend also appears in the design of injected transformer
PDCC3.

V. PERFORMANCE ANALYSIS OF SYSTEM

The cost of injecting transformers, as the core component of
the proposed rectifier, is particularly significant. Consequently,
Consequently, the capacity of the injection transformers is ana-
lyzed in this section.

A. Capacity Analysis of PPMC3

Under the optimal turn ratio, the input voltage of PPMC3 u,,
is expressed by

Up3 = k
2m\{3§+1 U, cos () wt € (0,75]
@Um (cos (x) — sin (z + 53)) wt € (F5, 3%]
—%Umsin(aﬁ—&-%) wt € (3%, 5]
B, (sin (z+%) —sin(z+37)) wte (3,3
%Umsin(x—kg) wt € (T2, 2]

(37

According to (37), the mean square value (RMS) of the
voltage u,, is obtained by

1 27
Up37rms = \// (Up3)2d(wt) = 0.014U,. (38)
2 0

Referring to the structure of PPMC3, the RMS of the voltage
across the winding can be obtained as (39). Similarly, the RMS
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of the current /4; is obtained based on (31)

UEFfrmf = %Up37rnls = OOO?Ud UFG?rms
= LU4s s = 0.007U,4 9,

UHI_rIns = mSUpS_rms = 0811Ud UIJ_rms

= mgUpg_rmS = 0811Ud
1 2m
Idl_rrns = % / (idl)zd(Wt) = 0.6091,. (40)
0

Additionally, the current flowing through diode D5 can be
expressed as (41). Its RMS can be obtained from (42).

]

ﬁ]d wt € (O,

0 wt € (435
1 s
2ma+1 48

&l

&R

] (41)

tnm1

3 oo

1y th( ,

]

oIy

Inmlfrms

2m
— \/;ﬂ/o (inm1)’d(wt) = 0.0041;.  (42)

Combining the above equations, the capacity of PPMC3 can
be obtained by

1
SPPDCS — i(UEFfrmsIdlfrms + UFG?rms[d27rms

+ UHI_rmsInml_rms + UIJ_rmsInm2_rms)

= 0.75%P,. (43)
B. Capacity Analysis of PPMCI
The input voltage of PPMCI1 u,; is expressed by
—Up, sin () wt € (0,75]
2 : ™ T 7
_(2\/§+4)Umsm (z+3) wte( 5
Upy =k { Upsin (z — 3) wt € (3,32
2 w 5m 7w
mUmsln(m) wt € (15, 51
Up sin (z + 5) wt € (12, 27]
(44)

Combining (40) and (44), we have

1 2m
U;Dl_rrns - \/27(_/0 U2p1d(Wt) = 0251Ud (45)

Referring to the structure of PPMC1, the RMS of the voltage

across the winding can be obtained as (46). Similarly, the RMS
of the current i 411 is obtained based on (47)

UElFl_rms = %Upl_rms - 0126Ud UFlGl_rms
= 1Up1_rms = 0.126Uy

46
UHlIlfrms - mlUplfrms - 0811Ud UT1J1 rms ( )
= mlUerms = 0.811Ud
1 27 5
Ig11_rms = E/ (ig11)"d(wt) = 0.3401,. “n
0
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TABLE I
COMPARISON RESULTS BETWEEN PROPOSED METHOD AND SIMILAR WORKS
Indicators Conventional Tian et Wang Liet Akther Chen et Proposed
48-pulse method al [17] et al. [22] al. [23] et al. [24] al. [25] method
THD of input current 1.5%-5% 3.2% 3.81% <3.91% 4.75% 3.51% 2.88%
AC and DC side is isolated or not Yes Yes No Yes Yes No Yes
Efficiency of rectifier ~95% 98.1 97.3% - - 98.3% 97.6%
Stability of output voltage / Good Good Bad Good Good Good
Harmonic suppression method / Current Current Voltage Current Current Current
injection injection injection injection injection injection
Output side 0 0 3 0 0 0
capacitors
Number of 48 (Main) 12 (Main) 12 (Main) 12 (Main) 24 (Main) 12 (Main) 12 (Main)
components Output side 6 (Parallel) 3 (Series) 6 (Parallel) 2 (Series) 2 (Series) 6 (Parallel)
diodes 4(Parallel) 4 (Parallel)
Output side 0 0 3 (Series) 2 (Parallel) 0 0 0
MOSFET
Zero-sequence blocking transformers 0 0 0 0 2 0
Phase-shifting transformer connection Delta-wye-wye or Delta-wye-wye Delta-connected Delta-zigzag- Wye-zigzag-zigz ~ Polygon-connecte Delta-wye-wye
type Star-delta and et al autotransformer wye-zigzag ag-wye-zigzag d autotransformer
Overall magnetic ratings >420% 127% - - 31.575% 129.7%
(Autotransformer)
Low, medium and Electrolysis, and Medium and Low and Medium and Medium and high Electrolysis, and
Application scenarios high voltage, high other low high voltage, Medium high voltage, voltage, low other low
power voltage, high low current, voltage/ low current, high current, Medium voltage, high
current Medium power current, high power power current
power

Note: Ref. [21] for calculating voltage stability. / indicates that the method has not been adopted. - means the parameter does not exist.

The current flowing through diode D1 Ip; can be expressed
as (48). Furthermore, its RMS can be obtained from (49)

0 wt € (0, 2]
mld wt € (3, 2]
i = | smiomerle wte (55, 5 (48)
Wlﬁsld wt € (2F, 2]
0 wt € (2%, %ﬂ]
2
Lot rms = % / (im1)2d(wt) = 0.0411,. (49)
0
Combining the above equations, the capacity of
PPMC1&PPMC?2 can be obtained by
Spppct = Spppcz = 5 (Ur1F1_rmsldi1_rms

2
+ UFlGl_rms Id12_rms

+ UHlIlfrmsImlfrms + UIlJlfrms]mQJms)

= T7.61%P,. (50)

Based on the aforementioned analysis, the proposed method
maintains a kVA rating approximately equivalent to that of the
rectifier without PPMC. However, it significantly reduces the
harmonics and ripple compared to the rectifier without PPMC.

Besides, based on the RMS voltage and current derivations in
(39)-(50), we formulate a scalable loss-and-thermal modeling
framework for higher power ratings (50-250 kW, 1-2 kA). In
this framework, the analytical waveforms provide the RMS and
average currents of each winding and diode, from which the
copper loss is evaluated as in (51). The RMS voltages then
determine the magnetic flux density and, together with the se-
lected core material characteristics, enable estimation of the core
loss. Diode conduction loss is computed using (52). Although
the present work does not include experimental measurements

at 50-250 kW, the modeling procedure follows directly from
closed-form expressions and is therefore applicable to larger-
scale implementations. Moreover, because the reported total
magnetic rating (129.7%) is a topology-normalized metric, this
percentage remains essentially invariant under power scaling,
whereas the absolute magnetic kVA increases approximately
linearly with output power

P..=XI? _-Rrp (51)

Py Vi Tayg + 74 I (52)

where R is the equivalent resistance of winding, V; is the
equivalent conduction voltage drop of diode, and r; is equivalent
dynamic resistance of diode.

VI. COMPARATIVE ANALYSIS

To illustrate the strengths and weaknesses of the proposed
method, Table I gives a comparison with similar works discussed
in [22], [21], [23], [24] and [25].

From the perspective of the cost, the total cost of the
multipulse rectifier is primarily determined by the capacity of
the magnetic devices, creating a direct proportional relation-
ship between the total cost and the capacity of these devices.
Compared to the conventional 48-pulse method, the PPMC
structures proposed in this article, as given in Table I, replace
the need for multiple phase-shifting transformers, significantly
reducing the total magnetic ratings. Compared to [24] and [25],
the proposed method has a higher total magnetic rating, because
of the autotransformer employed in [24]. The autotransformer-
based solutions, which lack galvanic isolation and require two
additional zero-sequence blocking transformers, are unsuitable
for low-voltage, high-current hydrogen production applications
where safety, equipment protection, and electrolysis efficiency
are critical. Also, the rectifier provides a scenario (200 V/5000 A,
1 MW), as shown in Table II. While comparing the total costs
of M1, M2 and the proposed method M3 offers savings of
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TABLE II
COST OF DIFFERENT RECTIFIERS

Method (200V/5000A, 1MW) Ml M2 M3
Transformer $30 000 $20 000 $20 600
Power switching/diode device $7200 $17 000 $3900
Capacitor and inductor $1100 $6000 $1100
Control, sensor, and driver $1500 $5000 $375
Total $39 800 $48 000 $25975

Note: M1 is conventional 48-pulse rectifier achieved by cascading 12-pulse
rectifiers. M2 is PWM+6-pulse rectifier reported in [4]. M3 is proposed method.

approximately 53% and 85%, respectively. It’s important to note
that these costs will increase as the nominal power rating rises.
Additionally, while the base failure rate of thyristors/diodes is
less than 22 failure in time (FIT), the insulated gate bipolar
transistor’s failure rate is 100 FIT, as reported in [4].

From the perspective of stability, the use of large capacitors in
[23] not only increases capacitor losses but also reduces the lifes-
pan of the rectifier. Meanwhile, it is based on voltage injection,
and requires three large inductors to be connected in series on the
input side of the rectifier to achieve harmonic suppression. These
inductors not only reduce the displacement factor of the rectifier
but also soften its output characteristics. In contrast, the proposed
method in this article avoids using capacitors as components in
the injection circuit. In addition, the asymmetric design proposed
in [17] demonstrates substantially greater sensitivity around the
optimal turns ratio than our proposed design, resulting in inferior
THD and ripple performance.

From the design complexity, the complexity of the rectifier
structure is primarily determined by the injection circuit’s com-
plexity. To achieve the limitation of doubling the pulse by three
times, Wang et al. [22] and Li et al. [23] used switches in
the injection circuit, which not only increased the complexity
of control, but also significantly increased the cost of using
detection units. To match the auxiliary converter ACIU, Tian
et al. [17] mandates precise trimming of the main transformer
secondary turns ratio (kg:ky = 0.983:1), significantly raising
manufacturing complexity.

From the perspective of application scenario, the electrolyzer
systems operate in a low-voltage, high-current regime, and the
hydrogen production rate is approximately proportional to the
stack current. Consequently, inserting power semiconductors di-
rectly in series with the load is impractical at these currents due to
excessive conduction loss and thermal stress. Compared with the
approachesin [22], [24], and [25], the proposed parallel topology
is better suited to this regime, offering lower conduction losses
and superior high-current capability.

VII. RESULTS AND DISCUSSION

Fig. 9 presents the 1.2-kW proof-of-concept prototype. Dur-
ing testing, a 3 ) series resistor is inserted with the electrolyzer
to divide the dc-link voltage. Also, the detailed prototype param-
eters are given in Table III. All hydrogen-production comparison
experiments were conducted on the same electrolyzer with the
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Electrolytic cell Power grid simulator Drying unit
Fig. 9. Experimental setup.
TABLE III
EXPERIMENTAL PARAMETERS
Description Value Description Value

Input voltage 380V Turn ratio of PPMC1 \3+1.5

Bus frequency 50 Hz Turn ratio of PPMC3 57.9
Voltage division R 30 Turn ratio of T 380:60:v3*60
DC voltage (Mean) 823V Diode MDS60A, MDQ60A

Note: T is the phase-shifting transformer, R is the resistance.

same balance-of-plant. The experimental settings match those
used in the simulations.

First, the analysis of power quality is presented as follows.
As presented in Fig. 10(a), the simulation results for the input
current demonstrate 48 steps within one cycle, and the main
low-order currents are largely eliminated, indicating effective
suppression of input current harmonics by the PPMC. To ac-
commodate electrolyzers of different powers, Fig. 10(b) and (c)
shows full-load and dynamic conditions, respectively. It is ob-
served that the THD is 2.88% under half-load and 2.96% under
dynamic conditions. In comparison, as shown in Fig. 10(d), the
proposed method significantly outperforms the rectifier without
PPMC, which exhibits a THD of 13%. Taking into account
the filtering characteristics of the leakage inductance from the
phase-shifting transformer, the measured value of the input
current’s THD at 2.88% is marginally lower than the simulated
value of 3.36%, as presented in Fig. 10(e). Fig. 10(f) shows the
input and output current waveforms of the proposed rectifier
operating at 100 kW. It can be seen that its performance is still
excellent, as evidenced by the clear 48-step.

Second, the proposed method eliminates the need for filtering
inductance, significantly attenuating the harmonics and ripple
of the current, which makes it particularly suitable for hydro-
gen production applications. Consequently, the waveform of
the PPMC is presented here. The simulation and experimental
results of the current i,,,; flowing through diode D; of PPMCI1 are
shown in Fig. 11(a) and (b), and the current presents three-level
dc current within one cycle due to the modulation by PPMC1 and
PPMC3. Additionally, the simulation and experimental results of
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Fig. 10. Results of performance testing. (a) Simulation result of input current
without leakage inductance. (b) Experimental result of input current of proposed
method under full load. (c) Dynamic testing. (d) Experimental result of rectifier
without PPMC under full load. (e) Harmonic order of proposed method. (f) High
power simulation testing.
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Fig. 11. Results of performance testing. (a) Simulation result of current
i1 flowing through diode D of PPMCI. (b) Experimental result of current
im1 flowing through diode D1 of PPMCI1. (c) Simulation result of current i,,,1
flowing through diode D5 of PPMC3. (d) Experimental result of current i,,,1
flowing through diode D5 of PPMC3.

the current flowing through diode D 5 of PPMC3 i,,,,,; are shown
in Fig. 11(c) and (d). From the simulation and experimental
results, it is a square-wave current with a frequency of 600 Hz.
Owing to the filtering effect of transformer leakage inductance,
the measured current i,,,; and i,,,,; are smoother than the sim-
ulation results. Additionally, the peak of the measured current
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Fig. 12.  Results of performance testing. (a) Output current of rectifier without
PPMC under full load. (b) Output current of proposed method under full load.
(c) Output current of proposed method under half load. (d) Simulation results of
dynamic testing. (e) Display of H2 meter of rectifier without PPMC. (f) Display
of Ho meter of proposed method.

im1 and iy, are 3.1 A and 230 mA, respectively. It means that
the power rating of PPMC is much smaller.

Thirdly, discrepancies between the mean value and RMS
value contribute to additional losses in the electrolyzer. Thus,
the improvement of hydrogen production efficiency is attributed
to the reduction of losses in the electrolyzer. Compared to the
output current of the rectifier without PPMC as illustrated in
Fig. 12(a), the measured maximum output current ripple is
decreased from 3.87 to 0.37 A, as shown Fig. 12(b). Moreover,
the dc crest-factor is decreased from 1.15 to 1.01 under full load.
The elimination of current peaks ensures that virtually all of the
input power is utilized for the electrochemical water-splitting
reaction, rather than being dissipated as additional losses in-
duced by current ripple. Fig. 12(c) shows the half load condition,
and the MSV and the RMS of the output current are 13.013
and 13.015 A, respectively. Additionally, it is worth noting that
the proposed method still maintains a low ripple rate of only
1.46% from 30% to 100% load, as presented in Fig. 12(d).
As shown in Figs. 12(e) and 10(f), the production rate of the
rectifier without PPMC (1978 mL/min) and the proposed method
(2060 mL/min) is different under the same parameter, and the
comparison results are summarized in Table IV. With pro-
posed PPMC, the dc output-current ripple is reduced by 90.4%,
which yields a 4.2% reduction in specific energy consumption
(kWh-Nm~) and a 4.1% increase in the hydrogen produc-
tion rate. Consequently, the proposed method is demonstrably
more effective and appropriate for scenarios involving hydrogen
production.
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TABLE IV
COMPARISON RESULTS WITH/WITHOUT PPMC

Condition Input Output hydrogen Energy
current current production consumption per
THD ripple rate unit (kWh/Nm?)
Without 13% 3.87A 1978 mL/min 4.8
PPMC
With PPMC 2.88% 0.37A 2060 mL/min 4.6
QoMY (oA 11 AV
[ e f\-
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Fig. 13.  Results of performance testing. (a) Simulation result of output current

and input current considering fault tolerance of PPMC-10%. (b) Fault tolerance
for only PPMC; operation. (c) Instantaneous simulation testing for only PPMCy
operation.

Finally, further assessments of performance, including fault
tolerance, have been conducted. Fig. 13(a) presents the input
and output currents, respectively, accounting for error margins
of —10% in the PPMC configuration. The simulation results
indicate that the harmonics in the input current remains be-
low 3.5%, respectively. Fig. 13(b) shows the input-current and
output-current waveforms with PPMCy and PPMCj disabled.
Fig. 13(c) shows the instantaneous simulation result of only
PPMC; operation. With a symmetrical parallel circuit design,
the proposed method maintains stable operation and presents
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Fig. 14.  Efficiency curves at different output powers.

with the topology analysis in Section II. Practically, the THD
is expected to reduce further due to the presence of leakage
inductance. Fig. 14 presents the efficiency curve, which peaks
at 97.6% near 1.1 kW. PPMC adopts partial-power processing,
routing the bulk power through a low-loss direct path and thereby
avoiding the conduction, circulating-current/commutation, and
magnetic/copper losses inherent to multistage phase-shifted,
multibridge 48-pulse rectifiers, which improves efficiency.

VIII. CONCLUSION

A novel type of rectifier specifically designed for low voltage
and high current applications, providing new ideas for elec-
trolytic hydrogen production. In this research, the operation
requirements, input current, output current, and kVA rating are
analyzed in detail. The simulation and experimental results are
carried out to confirm the feasibility of the theoretical anal-
ysis. The results showed that the ripple and harmonic were
effectively controlled below 1.5% and 3%, respectively. Finally,
the fault tolerance characteristics facilitate mass production,
and the lower costs make it feasible to expand power capacity
seamlessly.

waveforms comparable to those of a 12-pulse rectifier, consistent APPENDIX
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