3738

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 3, MARCH 2024

A Multimode Self-Optimization Electrolysis
Converting Strategy for Improving Efficiency
of Alkaline Water Electrolyzers

Jia Xiong", Yanghong Xia

Abstract—Alkaline water electrolysis is widely employed for
industrial-scale hydrogen production due to its simple structure,
low cost, and mature technique. However, the low-load inefficiency
of alkaline water electrolyzers (AWEs) results in a narrow operat-
ing range (usually 40 %-100 % of rated power), which makes AWEs
hardly follow the fluctuating photovoltaic (PV) power over a wide
range. Focusing on this issue, this article proposes a multimode
self-optimization electrolysis converting (MMSOEC) strategy and
its prototype converter to enhance the efficiency of AWEs. Through
the proper combination of dc power and pulse power, the proposed
MMSOEC technique can reshape the excitation electric field of
AWEs; in this way, the performance of AWEs is greatly enhanced.
The effectiveness of the proposed technique is verified through
a commercial AWE directly driven by PV arrays. Experimental
results show that the efficiency enhancement can be up to 15.4%
under the low-load condition as compared to the conventional pure
dc power supply.

Index Terms—Alkaline water electrolyzers (AWEs), efficiency
enhancement, hydrogen production, multimode self-optimization
(MMSO).

I. INTRODUCTION

YDROGEN has been considered a premium energy car-
H rier due to its zero-carbon emissions, high energy content,
and long-term storage. Currently, there are several methods for
hydrogen production, including water electrolysis, biological,
photolysis, and fossil fuel reforming [1]. Water electrolysis is
a particularly promising technology because it facilitates the
utilization of renewable energy sources (RESs) to generate
pollution-free hydrogen gas, such as solar, wind, and tide en-
ergy [2]. Within the field of water electrolysis, alkaline water
electrolyzers (AWEs) have aroused considerable interest due to
their longer life span, more mature technology, and lower cost
compared to proton exchange membrane electrolyzers and solid
oxide electrolyzers [3].
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Presently, the inefficiency within commercial AWEs has hin-
dered hydrogen from becoming a financially viable energy
source in comparison to fossil fuels [4], [5]. It is reported that
the majority of energy losses within AWEs are attributed to the
overvoltage resulting from the increased electrical impedance
between the electrodes [5]. Varying operational parameters,
such as electrolysis temperature, electrolyte concentration, and
distance between electrodes, can lead to different degrees of
improvement in electrolysis efficiency [6], [7], [8]. Nagai et
al. [7], [8] established a two-phase flow physical model with
the objective of determining the optimal distance between elec-
trodes to minimize the void fraction in the electrolyte resulting
from bubbles. To better address this issue, studies have utilized
external physical fields to enhance the separation of gas bubbles
from the electrodes, such as an ultrasonic field [9], a gravity field
[10], and a magnetic field [11]. More recently, a novel capillary-
fed electrolysis cell has been proposed to provide bubble-free
electrolysis operation for the electrodes, wherein the generated
gases readily pass across the porous hydrophobic membrane and
the thin layer of electrolytes, rather than forming gas bubbles
[12], [13], [14]. However, implementing external physical fields
or capillary-fed electrolysis cells presents challenges in terms of
system cost and design.

The application of converters is enhanced by the integration
of the AWEs and RESs since the voltage provided by the RESs
is much higher than the voltage required by the AWEs. As
a core device for hydrogen production by water electrolysis,
converters generate high-frequency current harmonics that result
in additional power dissipation during the electrolysis process
[15]. Rectifier topologies have a significant effect on current
quality, as demonstrated in [16], where the results show that the
pulsewidth modulation (PWM) rectifier composed of semicon-
ductors using forced commutation consumes up to 12% lower
electrolyzer stack specific energy than the 12-pulse thyristor
rectifier. An interleaved topology, proposed in [17], generates
pure dc current by superimposing ripple currents with the same
amplitude but complementary phases. Meng et al. [18], [19]
were interested in the high power and efficient electrolytic
hydrogen production using a novel hybrid rectifier comprising
a PWM rectifier and a silicon-controlled rectifier.

The pulse power supply generates a variety of periodic pulses,
such as square pulse waves, triangular pulse waves, and trape-
zoidal pulse waves. These pulses are widely used in various
applications, including wastewater treatment [20], biology [21],
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and radar transmitters [22]. According to the frequency charac-
teristic of the pulse waveform, the pulse power supply can be
classified into the high-frequency pulse and the low-frequency
pulse. Results from [23] showed that using high-frequency
pulsed electric fields can enhance the mass transfer of gas
bubbles, which in turn increases the active electrocatalytic area
on the electrodes and reduces the ohmic resistance between the
electrodes. However, Vincent et al. [24] and Shimizu et al. [25]
attributed the efficiency improvement to the suppression of the
electrical double-layer (EDL) formation by the high-frequency
pulsed electric field, thereby avoiding the losses from diffusion
limitations in the EDL charging and discharging processes.
Indeed, from an energy perspective, the high-frequency compo-
nents in current and voltage have a negative impact on hydrogen
production [16], [26]. Regarding high-frequency pulse electroly-
sis for hydrogen production, in addition to the inconsistent mech-
anisms analysis and contradictory viewpoints, there are still
other issues that need to be addressed. The efficiency comparison
between the high-frequency pulse electrolysis and the pure dc
electrolysis in [23], [24], and [25] was only made on a lab-scale
test electrolyzer, and further experimental verification should be
required on industrial-scale AWEs. When the high-frequency
pulse is applied to the commercial AWEs, the power converter
must simultaneously meet the demanding requirements of the
high power and ultrahigh frequency, which presents challenging
tasks for power converter design.

In contrast to previous studies, this article aims to improve
the low-load efficiency of commercial AWEs by providing
innovative insights into the physical structure and electrical
characteristics of commercial AWEs. The main contributions
of this article can be summarized as follows. First, by utilizing
the low-frequency power pulse to reconstruct the internal elec-
tric field of the AWEs, the low-load electrolysis efficiency is
improved without the need for external physical fields. Second,
to validate the applicability of this method in industrial applica-
tions, a multimode self-optimization (MMSO) technique and the
corresponding prototype converter are proposed. Third, the key
parameters in the MMSO electrolysis converting (MMSOEC)
strategy are analyzed.

The remainder of this article is organized as follows. In
Section II, the physical structure and electrical characteristics
of the commercial AWEs are presented, and the mechanism
of low-load inefficiency is revealed. Then, in Section III, the
MMSO technique combining the low-frequency pulse electrol-
ysis and dc electrolysis is proposed. In Section I'V, the converter
topology for the AWEs directly driven by PV arrays and the
corresponding MMSOEC strategy are introduced in detail and
the key parameters of the MMSOEC strategy are analyzed. Ex-
perimental results are analyzed in Section V. Finally, Section VI
concludes this article.

II. MECHANISM OF LOW-LOAD INEFFICIENCY

Fig. 1 shows the 3-D structure of the AWEs. The AWEs
consist of many electrolysis cells connected in series which are
composed of an aqueous solution of potassium hydroxide at
30 wt%, diaphragms, and bipolar electrodes. Traditionally, the
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Fig. 1. 3-D structure of the AWEs.
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Fig. 2. Experimental static curves for the commercial AWE. (a) I-U curves.
(b) Electrolysis efficiency versus electrolysis power.

structure of the bipolar electrode can provide shorter current
paths and lower resistance of the electrodes compared with the
monopolar electrode design [27]. The electrolyte is fed into the
AWEs through the electrolyte channel at the bottom, and it is
shared by all electrolysis cells.

Oxygen and hydrogen leave the electrolysis cells through the
oxygen and hydrogen channels at the top, respectively.

The overall reaction of water electrolysis occurring on the
electrodes is expressed as

H50 + electricity — Ho + 1/205. (1)

Considering the thermodynamic and electrochemical in the
process of electrolysis, assuming that all electrolysis cells have
the same energy conversion process, the typical mathematical
model obtained from a single electrolysis cell is simply extended

to the AWEs [28], [29]
ACYP 1)) @)

r(7)
A A

Ue = N, (Urev + ——i.+s(T)log (

where w, is the terminal voltage of the AWEs, ¢, is the electrol-
ysis current, N, is the number of electrolysis cells, Ul is the
reversible cell voltage, A is the effective surface area of the elec-
trode, and r(T"), s(T'), and ¢t(7T') are the temperature-dependent
overvoltage coefficients.

Fig. 2(a) shows the electrolysis current versus the terminal
voltage of the commercial AWE at different temperatures. From
the figure, the /-U curves can be approximately described as
curves consisting of two segments of straight lines with different
slopes. The differences between the typical mathematical model
and the aforementioned curves are manifested in that the former
believes the electrolytic reactions occur and the electrolysis
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Fig.3.  Current paths under the different operating conditions, where A is the
area of the electrolyte channel. (a) High-load condition. (b) Low-load condition.

current is not equal to zero only when . is greater than N, Uy,
whereas the latter shows that current can be generated even when
U 18 less than N Uy .

As shown in Fig. 2(b), during the low-load condition, with
the increase of the electrolysis power, the electrolysis efficiency
increases slowly. However, the high-load electrolysis efficiency
remains relatively stable. Therefore, there exists a unique opti-
mal power corresponding to the maximum efficiency at a specific
temperature, namely the maximum-efficiency power F,p. The
electrolysis efficiency is defined as

_ HHV [ Vydt

T] prg
fOAt Uelodt

3

where HHV is the high heat value of hydrogen, Vi is the
hydrogen flow rate measured, and At is the time interval for
measuring the hydrogen gas volume.

Fig. 3(a) shows the current path under the high-load condition.
From the theory of electrochemistry, it can be inferred that
with a sufficiently high terminal voltage, the energy barrier of
electrolytic reactions can be overcome, allowing electrons to
transfer at the interface between the electrodes and the elec-
trolyte. It means that the AWE can produce electrolytic reactions
completely. As shown in Fig. 3(a), it can be seen that the effective
surface area of the electrode is greatly larger than the area of
the electrolyte channel A.., resulting in the predominant flow
of electrolysis current through the electrodes and electrolyte.
The terminal voltage of the electrolysis cell is mainly shared
by Uy under the high-load condition, which is equivalent to
the forward voltage of a diode as shown in Fig. 3(a), thereby
the energy from the external power source is primarily used for
electrolytic reactions and producing hydrogen. Additionally, the
experimental /-U curves for the AWE are in close agreement
with the typical mathematical model under the high-load con-
dition, due to the uniform distribution of the excitation electric
field.

Compared with the high-load condition, the terminal voltage
of the AWE under the low-load condition is insufficient to
overcome the energy barrier of electrolytic reactions in all cells.
As shown in Fig. 3(b), the current primarily flows through the
electrodes at both ends and the electrolyte channel, and only
those electrodes at both ends generate electrolytic reactions. The
resistance of the electrolyte channel absorbs the majority of the
energy from the external power source. Note that even when
ue is greater than N.U,.y, the AWE cannot produce electrolytic
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Fig. 4. Electrolysis states based on the MMSO technique under the low-load
condition.

reactions completely because the voltage is partially shared by
the resistance of the electrolyte. Meanwhile, the electric field
distribution in the AWESs is nonuniform, rendering it impossible
to fully generalize the /-U characteristics of the AWE using the
typical mathematical model. Also, the resistance in the low-load
condition dominated by the electrolyte channel is greatly larger
than the resistance in the high-load condition dominated by the
electrolyte between the electrodes, which represents the root
cause of the “inefficiency” phenomenon under the low-load
condition.

III. PRINCIPLE OF MMSO TECHNIQUE FOR AWES

The analysis of low-load inefficiency reveals that modifying
the distribution of the excitation electric field through the power
supply can ensure complete electrolytic reactions. The proposed
MMSO technique for AWEs consists of two modes. Conven-
tional dc power electrolysis for the high-load condition can keep
the economy and efficiency of this system. The electrolysis mode
under the low-load condition is switched to the low-frequency
pulse power electrolysis to reconstruct the excitation electric
field.

The proposed MMSO technique, as depicted in Fig. 4, allows
the AWE to operate intermittently at the maximum-efficiency
power under the low-load condition. Meanwhile, the excita-
tion electric field under the low-load condition similar to that
under the high-load condition can be established. Therefore,
the low-load efficiency can behave as well as in the high-load
condition. Specifically, the pulse electrolysis within one pulse
cycle consists of two major branches, including the zero-power
state and the high-power state. The electrolysis power variation
is implemented in the following equation by varying the pulse
power duty ratio D.:

1 Ton

DPe = Popdt =D, Pop 4)

ﬂuk 0
where 7. is the low-frequency pulse cycle and Topn is the
duration of the high-power state.

The rate at which the excitation electric field is established is
associated, mainly, with the EDL effects [29]. With this argu-
ment in mind, to accurately model the static—dynamic behavior
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Fig.5. Dynamic performance of the AWEs under the pulse power electrolysis
mode.

of the AWEs, the contributions of the overvoltage phenomena
and EDL effects have to be taken into consideration. The static—
dynamic model of the AWEs is shown in Fig. 5. In this model,
the double-layer capacitor Cp ¢ is related to the EDL effects.
The thermodynamic phenomena in electrolysis reactions can be
modeled by an ideal diode Dg;, with a forward voltage N, Uy, .
Ron and R, are the impedance of the electrolyte between
electrodes and the electrolyte channel, respectively.

Fig. 5 shows the dynamic response of the AWEs under the
pulse power electrolysis mode. The dynamic response process
can be divided into the following three parts.

1) Voltage rise stage t,. Considering the power control, ¢,
increases rapidly to peak current and charges Cpc, and
the voltage across Dyg;, continues to increase nonlinearly.

2) Electrolysis stage t.. The ideal diode Dyg;, conducts when
its voltage is above N U,.y. In the meanwhile, the elec-
trolysis current at the steady state flows through Dy, and
Ron, mainly. As a consequence, electrolytic reactions can
occur completely.

3) Voltage fall stage Topgr. Without power supplied, Cp c is
discharging, and its voltage continuously decays, which
results in weakening the excitation electric field and turn-
ing OFF D;o.

Thus, the power supplied enhances the excitation electric field
during ¢, aiming at compensating the undesired effects at the
voltage fall stage. It can be inferred that electrolysis efficiency
increases as the value of ¢, /T increases accordingly; since the
time used for the electrolytic reactions is increased. In the special
case, the larger Tk contributes to improving the efficiency of the
AWE:s with fixed dynamic response time, namely ¢, and Togg are
constant, but entailing an increase in dc-link capacitor mentioned
in (22), shown in Section IV-C. Thus, there is a tradeoff between
the electrolysis efficiency and the capacitor.

IV. TwO-STAGE DC-DC CONVERTER AND CONTROL

To achieve the MMSO technique, the two-stage dc—dc con-
verter serving as the interface between the power source and the
AWE needs to meet the following requirements.
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Fig. 6. Overall circuit and controller architecture of the two-stage DC-DC
converter.

1) The input current of the two-stage dc—dc converter is
constant so that the low-frequency pulse power does not
transfer to the input power source, which is beneficial for
the high energy conversion efficiency of the PV arrays.

2) A storage capacitor needs to be connected to the dc-link to
eliminate instantaneous power difference since the input
power of the two-stage dc—dc converter is flat.

3) The back-end converter needs to adjust the operating
modes of the AWE based on the PV power. Meanwhile,
the AWE needs it to provide a stable power pulse.

A. Converter Topology for AWEs Directly Driven by PV Arrays

Fig. 6 shows the overall circuit architecture of the proposed
two-stage dc—dc converter. For the PV arrays with high terminal
voltage uyy, a typical buck converter is used. The dc link, where
both of the stage converters are connected in series, has a
capacitor Cyg. with a voltage ug.. The phase-shift full bridge
(PSFB) with a wide voltage gain is selected as the back-end
converter, which is widely employed in dc-high-power applica-
tions [30], [31], [32]. The circuit diagram of the PSFB converter,
as shown in Fig. 6, consists of the following parts: full bridge
circuit, resonant inductor Lo, clamping diodes, namely D5 and
D3, blocking capacitor CY, step-down high-frequency-isolation
transformer with a turn ratio of n : 1: 1, center-tapped recti-
fier, and filter inductor L3. The existence of the double-layer
capacitor Cpr¢ eliminates the need for the output capacitor. As
shown in Fig. 7(a), the insulated gate bipolar transistors (IGBTs)
in the same leg of the full bridge circuit, such as ()1 and Qs,
have a fixed duty ratio, and complementary switching states.
The phase shift duty ratio d, causes overlapping between the
drive signals of the diagonal switch pairs such as @1/Q, and
Q2/Qs, which determines the value of the effective duty ratio
D and the amount of energy transferred from the primary side
of the transformer to the secondary side of the transformer. The
effective duty ratio of the PSFB converter is given as

Ue + UF)

Dy = ™ )

Udc
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Fig.7. Key operation states of the PSFB converter. (a) Conventional operating
waveforms during the DC power electrolysis, voltage rise stage, and electrol-
ysis stage in pulse power electrolysis, where i, is the primary current of the
transformer, u 4 g is the output voltage of the full bridge circuit, and u is the
rectifier voltage. (b) Operational state of the center-tapped rectifier in the PSFB
converter during the voltage fall stage.

where U is the forward voltage of the rectifier diodes. Due to
the effects of duty loss and dead time, the effective duty is less
than (1 — d).

In pulse power electrolysis mode, the operation mode of
the center-tapped rectifier is different from that mentioned in
[32]. During the voltage fall stage, the primary current of the
transformer gradually decays to zero, and the voltage of the
secondary side of the transformer equals zero. The operational
state of the center-tapped rectifier in the PSFB converter is shown
in Fig. 7(b). A center-tapped rectifier based on reverse-blocking
diodes can prevent the current surge of the double-layer capacitor
from flowing back into the PV arrays. Thus, there is no need for
an additional protection diode required for a nonisolated dc—dc
converter [33].

B. Proposed MMSOEC Strategy

The converter topology for AWEs directly driven by PV arrays
is presented in Section IV-A. This section will introduce the
MMSOEC strategy to meet the requirements of the two-stage
dc—dc converter serving as the interface between the power
source and the AWE.

The transition point between the pulse power and the dc power
is determined by F,p. As shown in Fig. 6, when the PV power
increases more than P, the electrolysis mode is changed from
pulse power mode to dc power mode. Therefore, the PV power
is measured to determine the operation mode. Considering the
ultra-short-term fluctuations in PV power, a hysteresis band
controller is added to prevent bouncing between these two modes

( High Load), ppy > P,p, Forward
(Low Load) , ppv < Pop — AP, Backward
(6)
where py, is the PV power and A P is the hysteresis bandwidth.
The overall controller architecture is depicted in Fig. 6. The
dc-link capacitor can realize the power decoupling between
the buck and the PSFB converter. Neglecting the loss in the
two-stage dc—dc converter, the dynamic equation of the dc-link

Hy (ppy) = {—'—1
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capacitor voltage can be expressed as

dud
Ccllge WG

At the same time, the controller of each stage dc—dc converter
can be designed, respectively. Maximum power point tracking
(MPPT) for the PV arrays can be implemented in the buck
converter. The PSFB converter regulates the dc-link voltage, it
is responsible for energy balance in this system.

For PV control, as shown in Fig. 6, the MPPT is implemented
by adopting the perturbation and observation method, generating
areference voltage u;";,f, where tracking u{f;,f using a PI controller
with a proportional gain £, ,, and an integral gain k; ,, that
adjusts the duty ratio of the switch S;. The control law can be
expressed as

= Ppv — Pe- @)

ki M re
dy = — (k,,,pv -+ ;’ ) (uish — upy) - (8)

The control structure of the PSFB is shown in Fig. 6. Accord-
ing to the control function, it can be divided into a dc-link voltage
control loop and a current control loop. The dc-link voltage
control loop is realized using the droop control and the pulse
power duty ratio, both of which are performed by measuring the
dc-link voltage.

In the dc power mode, the droop controller is responsible for
energy balance, which works as an adaptive function. Its dc-link
voltage feedback and output power reference change according
to the PV power. The dc power reference for the AWE:s is

P = —mpy (uf — uge) + Pop )
where my is the droop coefficient and u<! is the rated de-link
voltage.

Second, the pulse power duty ratio is online tuned to adapt to
the fluctuating power of PV. The pulse power mode generates
the modulating waveform that comprises the dynamic and static
parts, which can be expressed as

Ppv

de =
Fyp

—my, (ugy — uge) + (10)
where m, is the proportional coefficient. The static part provides
a static operating point, and the dynamic part contributes to
maintaining energy balance.

The modulating waveform d,. is compared with the carrier
waveform S, with an amplitude of 1 and a cycle of Ty, and
then multiplying the modulated signal by P, yields the pulse
power reference

(1)

ref Popa de Z Sc
k710, do < Se

The inner current loop can enhance the dynamic response of
the PSFB converter to rapidly track the pulsed power. A propor-
tional controller modifies the amount of the phase shift duty ratio
ds in accordance with the error between the electrolysis current
reference and the measured electrolysis current. Note that using
a proportional controller with a high gain can avoid the unstable
loop caused by integral corrective action, at the same time, only
introducing a little static current error [34]. The control law can
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Fig.8. Pulse power electrolysis. (a) Power balance. (b) Closed-loop dynamics.

be expressed as

dy =1—kpe (i —i.)

(&

(12)

where k,, . is the proportional coefficient, and i**' is the electrol-

ysis current reference, which can be carried out by the following
equation:
o :
i — ?Lﬁ ( High Load) (13)
ok (Low Load)

C. Key Parameters Analysis

As shown in Fig. 8(a), when the PV power is below the critical
value P, a storage capacitor is required to eliminate instanta-
neous power differences. In the proposed topology, the dc-link
capacitor Cy., also known as a passive capacitor, is selected as the
buffer element to provide the inertial-support power and smooth
the pulse power in the two-stage dc—dc converter. Therefore, the
remaining part of this section will analyze the value of Cy. and
the key parameters that are affected by Clc.

Fig. 8(b) shows the overall closed-loop dynamics during the
pulse power electrolysis. During this time interval [0, Torr], Cyc
absorbs the PV power, whereas the operating power of the AWE
is zero. During this time interval [Topg, Teuk], it also needs to feed
additional power, namely (P, — ppy), required by the AWE. The
dc-link voltage versus the PV power and electrolysis power is
given by the following equation:

2
— 3Cac(u)” =ppy - tt € [0, Torr]
2
%Cdc(u(l;{) - %Cdc Ugc = (Pop - ppv)
“(t — Torr) t € [Torr, Teuk)

%Cdcugc
(14)

where ull and ul, represent the peak and valley values of the
dc-link voltage, respectively.
In the aforementioned time intervals, the variation of the
energy stored in the capacitor can be expressed as follows:
2 2
%Cd(,(u(ﬁ) - %Cdc( u(%c) = Ppv 'TOFF (15)
2 2
%Cdc(ufc[) - %CdC( ué;:) = (Pop — ppv) - Ton

An expression for the pulse power duty ratio D. can be
obtained as follows from (4) and (15):

o Ton ~ Ppv

D .
‘ Tcuk Pop

(16)
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Moreover, ug. during this time interval [Topr, Teuk] can be
calculated from (14) and (16) as

9P, (1— D.) (t — T,

7)

Combining (10), (16), and (17), the modulating waveform can
be rewritten as

2P,, (1-D,) (t—T,
de(t) = —my uaif\/(uﬁif o { Cd>< orr)
C
Ppv
Py

From Fig. 8(b), d.(t) equals Sc (t) = 1 — 7=— whent =
TOFF . such that

ref _ H
Uge = Ugc-

19)

In practice, ull is less than v since the loss of the two-
stage dc—dc converter and the equivalent series resistance of the
dc-link capacitor are not taken into consideration.

Submitting (19) into (15), then uf;c can be calculated as

2
uf, = \/ (ueh)” —

Typically, Pyp, Teuk, and Cy. are constant, and thus, combined

2-Po (]- - De) De/Tcuk
Cch )

(20)

with (20), uZ. reaches a minimum value uJ™" when D, equals
0.5
i Py T,
min _ ref\2 _ Lop cuk 21
udC (udc ) QCdc : ( )

Equation (21) shows that a smaller ug‘ci“ is beneficial for
reducing the capacitance of the dc-link capacitor. As shown in
Fig. 9, when wugq, falls to its minimum value ugy‘“, the effective
duty margin, namely (1 — De), reaches its lowest value. As
the effective duty margin decreases, it results in slow dynamic
and reduced load capacity of the converter [35], [36]. Thus,
when a smaller capacitor is selected, the effective duty margin
should be taken into consideration. Considering the dead time
of high-power IGBTs and duty loss, a maximum effective duty
ratio of 0.75 is chosen. According to Fig. 2(a), it can be inferred
that when the maximum-efficiency power is approximately
4.5 kW, the terminal voltage of the AWEs is around 92 V.
By substituting Deg = 0.75, ue = 92V, Up = 1.75V, and
n = 3.2 into (5), the value of ug‘ci“ is obtained to be 400 V.

To limit g, to the allowable voltage [u%i" u*f], and the dc-
link capacitance is designed by the formula of

F opTcuk
2 [(ugg)” = (ugpmy?

Fig. 10 shows the unstable response of the MMSOEC strat-
egy. When the larger coefficient my, is used in the MMSOEC
strategy, the modulating wave d, oscillates around the sawtooth-
shaped carrier S., introducing high-frequency interference into
the power reference Prf. The electrolysis current contains a

cuk*
significant amount of high-order harmonics due to the fast

C'dc >

(22)
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response of the current control loop [37]. A sufficient condition
for system stability is that the slopes of the modulating wave
are greater than the slopes of the carrier during the time interval
[Torr, Teu]- Therefore, the criteria for system stability is based
on the following considerations:

ad, 1
— t € [Torr, Teuk] - 23
( o’ )min > T € [Torr, Teu] (23)
Furthermore, (23) can be further simplified as
L
g, < e 24)

Po (]- *De)Tcuk-

V. EXPERIMENTS

To confirm the validity of the proposed MMSO technique, the
experimental platform for hydrogen production by the AWEs
directly driven by PV arrays has been established. As shown in
Fig. 11, this experimental platform consists of a PV simulator,
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Fig. 11.  Experimental platform for hydrogen production by the AWEs directly
driven by PV arrays.

TABLE I
SPECIFICATIONS FOR TWO-STAGE DC-DC CONVERTER

Buck Converter
Ttems Symbols Types/Values
PV Output Capacitor Value Cov 330 uF
IGBT M PM200DV1A120
Diode D, DSEP2x61-12A
Inductor Value Ly 1 mH
DC-link Capacitor Value Cyc 6.9 mF
Phase-shift Full Bridge Converter
Full Bridge IGBTSs Q,-0Q, PM75RL1A120
Resonant Inductor Value L, 45 uH
Clamping Diodes D, and D4 DSEI2x31-12B
Blocking Capacitor Value Cy, 100 uF
Turn Ratio of Transformer n 32
Rectifier Diodes D, and Dg DSER2x101-12A
Filter Inductor Value Ly 2 mH

a commercial AWE, a two-stage dc—dc converter, and a digital
processor DSPTMS320F28335. The commercial AWE consists
of 48 electrolysis cells connected in series and its rated power is
about 10 kW. Each bipolar electrode has an effective electrode
area of 133 cm?. The commercial AWE is equipped with a proton
flow meter to measure the hydrogen production rate. The PV
simulator is programmed to simulate the PV power fluctuations
by time-varying irradiation from 0.2 to 1.9kW/m?. As the
irradiation increased, the terminal voltage of PV arrays at max-
imum power point increased from 587 to 615 V. Experimental
measurements and control techniques are implemented in the
DSPTMS320F28335 with a fixed control cycle of 100 ms. The
specifications for the two-stage dc—dc converter are shown in
Table I. The dc-link voltage allowable range is [400 V, 500 V],
and the switching frequency is 10 kHz. By substituting the
corresponding data from Table I into (22), the critical value of
the dc-link capacitor is determined to be 6.7 mF. The value of
the dc-link capacitor is chosen as 6.9 mF, taking into account
the effect of the equivalent series resistance of the electrolytic
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TABLE II
CONTROL PARAMETERS OF TWO-STAGE DC-DC CONVERTER
Parameters Values Parameters Values
Teuk 0.1 u;‘zf 440
AP 500 my 100
ke pw 0.001 my, 0.005
ki o 0.01 k. 0.2
70 - - - - - - - -
60
7
50
S
< 40+
3or 80°C dc power
¥ —@— 80°C MMSO
20 60°C dc power -
—&— 60°C MMSO
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Fig. 12.  System efficiency. (a) Electrolysis efficiency. (b) Converter efficiency.

capacitor. The control parameters of the converter are shown in
Table II.

A. System Efficiency and System Dynamic Response Results

Fig. 12(a) shows the electrolysis efficiency under different
electrolysis modes. The AWE achieves an optimal electrolysis
efficiency of approximately 46.4% at a temperature of 60 °C and
a pressure of 0.1 MPa, with a corresponding power of 3.6 kW.
For the AWE at 80 °C and 0.1 MPa, the optimal electrolysis
efficiency is about 63.2%, with an electrolysis power of around
4.5 kW. At 60 °C, the electrolysis efficiency is increased from
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Fig. 13.  Overall dynamic performance over the entire load range at 80 °C.

29.4% to 17.3% at 15% of the rated load, and improved effi-
ciency by over 1.7 times. At 80 °C, the electrolysis efficiency
increased by 15.4% when the AWE operates at 10% of the rated
load. The electrolysis efficiency with pulse power still increases
as electrolysis power increases in low load ranges, limited by
t,, as shown in Fig. 13. It should be noted that the efficiency
with pulse power at 60 °C is higher than the efficiency with dc
power at 80 °C in operation ranges below 25% of the rated load,
which indicates pulse power may be a more effective method for
improving electrolysis efficiency compared with the increased
electrolysis temperature. To compare the converter efficiency in
pure dc electrolysis and the MMSO technique, a two-stage dc—dc
converter with a fixed dc-link voltage of 420 V is designed for
pure dc electrolysis under the low-load condition. Fig. 12(b)
shows the converter efficiency, indicating that the proposed
MMSOEC control improves converter efficiency by up to 5%
compared to pure dc electrolysis. Thus, the proposed MMSOEC
control has overall benefits in reducing energy dissipation in the
hydrogen production system.

Fig. 13 shows the dynamic performance of PV power, average
electrolysis power, and hydrogen production rate over the entire
load range at 80 °C, where the average electrolysis power is
obtained from a mean value discrete filter with a sampling
period of 100 ms and the number of samples of 3000. During
the pulse power, the hydrogen production rate is smooth due
to the existence of inertial components, such as the pipeline
and counterbalance valve. As shown in Fig. 13, the PV arrays
achieve maximum power output when the irradiance fluctuates
between 0.2 and 1.9 kW/m?. With the help of the favorable
dynamic response of a two-stage dc—dc converter, the PV arrays
and AWE are capable of achieving excellent power matching in
the transient processes. Throughout the entire process, the rate of
hydrogen production is directly proportional to the power used
in electrolysis.

B. Transient and Steady Performances of Two-Stage DC-DC
Converter Under the MMSOEC Strategy

Fig. 14 shows transient performance with the proposed MM-
SOEC strategy at 80 °C. Fig. 14(a) shows the results of the



3746

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 3, MARCH 2024

LI L L L L L L L L B

it

1 ’U "U\_

100ms/d1v] ]

f
-
N
UJ
N
<
E—
<
....1....1../.|....|....|....|

. Time:
T P T PRl PR RS

(@)

—lllllllvllllllIllllllllV'IIIlllllllllllllllllllll

C 1,:50A/div

nJ U‘ ’*u inm

S I L = = Sy I A

man

[100mis/div]]

’....I....l.||.I|...I....I||‘.I....I....luuulnnun'

Nl S—

Tlme

(b)

LB LB LN L L L LB LB LB LB N B

U j [—T ‘ ‘ w j le 50A/d1v 1
]_ ... u 'l ....................... _'
Tlme [100ms/d1v]
S I T B TR T T S P
(©
Fig. 14.  Transient performance with the MMSOEC strategy at 80 °C. (a) Tran-

sient performance, DC power to pulse power, and electrolysis power changes
from 5 to 2 kW. (b) Transient performance, pulse power to pulse power, and
electrolysis power changes from 2 to 4 kW. (c¢) Transient performance, pulse
power to DC power, and electrolysis power changes from 4 to 6 kW.
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Fig. 15.  Steady performance when the electrolysis power is 2 kW.

transition performance from dc power to pulse power. It can be
seen that u, and 7, gradually decrease and there is no oscillation
in u., i, and ug. due to the existence of a hysteresis band
controller, indicating that different electrolysis modes can be
switched seamlessly. Fig. 14(b) shows the experimental results
of the transition performance from pulse power to pulse power.
During the pulse power cycle, with the online-tuned pulse power
duty ratio generated by the MMSO technique, the changes of w,,
1o, and ug. are synchronous. It can be seen that the pulse power
duty ratio is proportional to the electrolysis power, the pulse
power duty ratio increases as electrolysis power increases. The
de-link capacitor Cy. is used as the buffer element to provide
the inertial-support power for the two-stage dc—dc converter,
and the dc-link voltage can be kept within the allowable range
[400 V, 500 V]. Fig. 14(c) shows experimental results of the
transition performance from pulse power to dc power, which is
similar to the results in Fig. 14(a).

Fig. 15 shows the steady performance when the electrolysis
power is 2 kW. During the zero-power state, the primary current
of the transformer ¢, gradually decays to zero, and no energy
is transferred from the primary side of the transformer to the
secondary side. During the high-power state, the primary current
of the transformer 4, has a fixed frequency of 10 kHz, and the
energy at the primary side of the transformer is transferred to the
secondary side for electrolysis reaction. As shown in Figs. 14
and 15, when the dc-link voltage is kept within the range [400 V,
440 V], the converter stall retains a portion of the effective duty
margin.

C. Verification of Key Parameters for System Stability

Fig. 16 shows the impact of m, on the stability of the system
at 60°, where the PV power is equal to 1 kW and F, is equal to
3.6 kW. The stable critical value of m, can be obtained through
(24) as 0.011. When the value of m, is changed from 0.005 to
0.015, the system becomes unstable. The high-frequency current
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harmonics generate additional power losses, which have a detri-
mental impact on the electrolysis efficiency. The experimental
results are highly consistent with the simulation-based results
presented in Fig. 10.

VI. CONCLUSION

In this article, the MMSO technique is investigated to en-
hance the electrolysis efficiency of the AWEs. The technique
focuses on the physical structure and electrical characteristics
of commercial AWEs and utilizes the low-frequency pulse to
reconstruct the internal electric field of the AWEs. To achieve
MPPT for the PV arrays and enable multimode operation of the
AWE, the MMSOEC strategy is proposed based on a two-stage
dc—dc converter. Additionally, the dc-link capacitor and the key
parameters in the pulse electrolysis mode are analyzed in detail.
Experimental results show that, with the help of the MMSO
technique, the low-load electrolysis efficiency of the commercial
AWE:s is significantly enhanced. Furthermore, compared to the
pure dc electrolysis mode, the converter efficiency is improved
in the pulse electrolysis mode. Therefore, the MMSO technique
may be a more effective method for improving electrolysis
efficiency compared with the increased electrolysis temperature.
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