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Abstract

Driven by the global energy transition and carbon neutrality targets, alkaline water electrolysis has emerged as a key technology for
coupling variable renewable generation with clean hydrogen production, offering considerable potential for absorbing surplus power and
enhancing grid flexibility. However, conventional control architectures typically treat the power converter and electrolyzer as independent
units, neglecting their dynamic interactions and thereby limiting overall system performance under practical operating conditions. This
review critically examines existing control approaches, ranging from classical proportional-integral schemes to model predictive control,
fuzzy-logic algorithms, and data-driven methods, evaluating their effectiveness in managing dynamic response, multivariable coupling,
and operational constraints as well as their inherent limitations. Attention is then focused on the performance requirements of the
hydrogen-production converter, including current ripple suppression, rapid transient response, adaptive thermal regulation, and stable
power delivery. An integrated co control framework is proposed, aligning converter output with electrolyzer demand across steady-
state operation, variable renewable input, and emergency shutdown scenarios to achieve higher efficiency, extended equipment lifetime,
and enhanced operational safety. Finally, prospects for advancing unified control methodologies are outlined, with emphasis on
constraint-aware predictive control, machine-learning-enhanced modeling, and real time co optimization for future alkaline electrolyzer
systems.

Keywords: Renewable energy; Alkaline water electrolyzer; Power electronics; Hydrogen production; Operational control

worldwide are driving deep transformations of their
energy mix toward greater efficiency, cleanliness, and
diversification, aiming to raise the share of non fossil
the energy transition and establishing a sustainable energy sources in overall consumption. Although renewable tech-
system have become an international consensus and an nologies, particularly wind and solar, have made remark-
urgent imperative. Confronted with the dual pressures of able strides, with total installed capacity reaching
energy shortages and environmental degradation, nations 3870 GW by 2023 [1], the International Energy Agency
(IEA) reports that fossil fuels still supplied over 60 % of
global electricity generation in 2023 [2]. These figures high-

0 Introduction

With the global climate crisis intensifying, accelerating
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light the critical need to enable large scale grid integration
of renewables and to mitigate their inherent variability,
thereby reducing carbon emissions in the energy sector
and advancing toward global carbon neutral targets.
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In power systems with high renewable penetration, the
stochastic and intermittent nature of wind and solar gener-
ation poses severe challenges to grid stability, power qual-
ity, and supply—demand balance, and can even drive up
both capital and operating costs. Integrating energy stor-
age with renewable generation is therefore regarded as a
key solution. A prominent real-world example of this prin-
ciple is the Sinopec Kuqa Green Hydrogen Pilot Project in
China, which utilizes a 260 MW array of alkaline elec-
trolyzer powered by a dedicated solar farm to produce
20,000 tonnes of green hydrogen annually, effectively con-
verting surplus photovoltaic power into a storable energy
carrier [3]. For applications requiring rapid, short duration
response, technologies such as batteries and supercapaci-
tors have seen widespread deployment; for long duration,
large scale storage needs, pumped hydro and hydrogen
storage systems exhibit tremendous potential. Compared
with geographical constraints of pumped hydro, hydrogen
storage offers site flexibility, high energy density, and the
capability for seasonal storage, marking it as a highly
promising candidate for large scale energy buffering [4-6].

Water electrolysis for hydrogen production, which
splits water into hydrogen and oxygen using electrical
energy, serves as a crucial link between renewable power
and hydrogen utilization [7-9]. During periods of excess
renewable generation, electrolyzers can produce green
hydrogen, thereby absorbing variable power locally to
reduce curtailment and converting electrical energy into
chemical energy for storage and transport. The generated
hydrogen is applicable in fuel-cell power generation, indus-
trial feedstocks, transportation fuels, and other sectors,
enabling flexible energy dispatch and cross-sector integra-
tion. Notably, electrolyzers, as controllable loads, can
dynamically respond to grid commands or fluctuations in
renewable output, providing demand-side management,
peak shaving, and frequency regulation services to
enhance grid flexibility and resilience [10]. Water electroly-
sis technologies are categorized into alkaline water elec-
trolysis (AWE), proton exchange membrane electrolysis
(PEM), solid oxide electrolysis (SOEC), and anion
exchange membrane electrolysis (AEM). In parallel,
hybrid seawater electrolysis (SWE) has recently been
reported to mitigate chlorine evolution and reduce energy
consumption via alternative anodic reactions and tailored
cells [11,12]. Compared to AWE that is the focus in this
review, PEM electrolysis offers faster dynamic response
and higher operational flexibility, albeit at higher cost
and with greater sensitivity to water/gas management,
while SOEC operates at high efficiency but exhibits slower
thermal dynamics due to high-temperature operation.
Among these technologies, alkaline water electrolysis is
the leading technology currently able to support
megawatt-scale and larger commercial applications for
producing bulk green hydrogen, owing to its maturity, rel-
atively low equipment cost, and long operational lifetime.

2

However, this leadership is challenged by AWE’s inherent
limitations, such as slower start-up times and reduced effi-
ciency under fluctuating loads, when compared to PEM
systems. It is precisely this trade-off between the economic
viability for large-scale production and the technical diffi-
culty in handling variable renewable energy that creates a
critical and urgent need for the advanced control
strategies.

When coupling alkaline electrolyzers directly with
highly fluctuating renewable energy sources, the system
encounters a series of severe technical challenges [13]. Fre-
quent and large-scale power variations force the elec-
trolyzer to undergo repeated start-stop cycles and rapid
load changes. Studies have shown that such non steady s-
tate operation not only reduces hydrogen production
and degrades energy efficiency but also accelerates aging
and deterioration of key components (e.g., electrodes,
membranes), significantly shortening equipment lifespan
and increasing operation and maintenance costs [14].
Moreover, rapid power drops can exacerbate hydrogen—
oxygen gas mixing within the cell, presenting safety haz-
ards. Therefore, designing advanced and effective control
strategies that enable alkaline electrolyzers to operate
safely, efficiently, and stably under fluctuating renewable
inputs, thereby maximizing their value in energy systems,
has become a critical scientific and engineering challenge
in this field.

In recent years, extensive research in both academia and
industry has been devoted to the control and optimization
of alkaline water electrolysis systems for hydrogen produc-
tion. Existing studies have comprehensively explored
mathematical modeling methods for alkaline electrolyzers
[15], parameter identification techniques [16], analyses of
factors influencing performance [17], and dynamic behav-
ior simulations [18]. Meanwhile, as the energy conversion
interface between renewable generation units or the grid
and the electrolyzer, the hydrogen production power sup-
ply, typically composed of AC/DC rectifiers and DC/DC
converters [19], has been the focus of investigations into
topology optimization [20], transistor material innovations
[21], power quality enhancement [22], and fast dynamic
response control strategies [23]. These efforts have signifi-
cantly advanced understanding of individual electrolyzer
characteristics and power converter performance.

Despite these advances, a thorough review of the litera-
ture reveals a significant limitation: control designs for the
hydrogen production power supply are often considered
independently from the operational characteristics and
demands of the electrolyzer. On one hand, studies target-
ing the electrolyzer concentrate on internal electrochemical
processes, thermodynamic behavior, and material-level
optimizations, generally assuming an idealized or simpli-
fied power input; on the other hand, research on the power
supply prioritizes power electronic converter metrics, such
as conversion efficiency, harmonic distortion, and response
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speed, while seldom examining how output characteristics,
e.g., voltage/current ripple magnitude and frequency,
overshoot, settling time, affect the electrolyzer’s complex
multiphysical interactions (including reaction kinetics,
mass and heat transfer, and bubble dynamics) or address-
ing the specific power supply requirements under various
operating conditions (start up, steady state, load variation,
fault). This decoupled paradigm, failing to treat the power
converter and electrolyzer system as a strongly coupled,
nonlinear whole in co designing control strategies, gives
rise to several potential issues: for example, overly aggres-
sive converter responses may mismatch the electrolyzer’s
slower thermal dynamics, causing overshoot or oscilla-
tions; excessive current ripple may accelerate catalyst
degradation; and sophisticated controls optimized for con-
verter side metrics may not yield commensurate improve-
ments in  electrolyzer efficiency or longevity.
Consequently, this disintegration limits the potential for
global optimization of the entire power to hydrogen con-
version system and hinders full exploitation of its dynamic
performance. To further illustrate these issues, Table 1
summarizes the key mismatches that arise from decoupled
control design, which reinforces the need for integrated
control strategies.

To systematically address the aforementioned
research gap and bridge the disconnect between power
supply control and the electrolysis process, this paper
adopts an integrated control perspective to comprehen-
sively review control strategies for alkaline water elec-
trolysis systems and outline future research directions.
The discussion begins with a detailed explanation of
the working principles and key performance determi-
nants of alkaline electrolyzers, identifying the main con-
trollable variables during hydrogen production, such as
voltage, current, pressure, temperature, and flow rate,
and analyzing their specific functional roles within the
electrochemical process. On this basis, the paper reviews
a broad spectrum of control strategies currently applied

Table 1

Key mismatches between converter and electrolyzer under decoupled control.

to electrolyzer regulation, including PID control in clas-
sical control theory, optimal control, adaptive control
and sliding mode control (SMC) from modern control
theory, and advanced strategies such as model predictive
control (MPC), fuzzy logic (FL), machine learning (ML),
and reinforcement learning (RL). For each method, its
capabilities in managing dynamic response, multivari-
able coupling, operational constraints, and performance
optimization are critically analyzed, along with represen-
tative application cases from the literature. The focus
then shifts to the performance requirements of
hydrogen-production rectifiers, discussing their core con-
trol objectives under different application scenarios, such
as improving hydrogen production efficiency, reducing
output current ripple, enhancing dynamic response
speed, and enabling adaptive thermal regulation. Rele-
vant control techniques and strategies for the power sup-
ply are reviewed accordingly.

Eventually, this paper proposes three prospective
research directions to inspire future developments. First,
it identifies the critical issue of decoupled control design
between hydrogen production power supplies and elec-
trolyzer operational needs, and analyzes how this sepa-
ration may negatively impact system performance,
efficiency, and durability. Second, it defines a framework
of coordinated control objectives for integrated power
converter and electrolyzer systems under steady-state,
variable-load, and emergency operating conditions,
emphasizing the importance of designing power supply
output characteristics and control logic to match
electrolyzer-specific requirements. Third, it explores the
potential of using advanced optimization techniques
such as optimal predictive control to realize the inte-
grated control framework, highlighting how predictive
capability, constraint handling, and multivariable opti-
mization can enhance the adaptability and synergy of
power supplies and electrolyzers under complex dynamic
conditions.

Mismatches Converter’s control goal Electrolyzer’s need Negative consequences
Response Fastest transient response to ~ Smooth power ramps that respect the o Voltage/current overshoots cause thermal and
dynamics track power setpoints electrolyzer’s slower thermal and electrochemical stress

instantaneously

Output ripple Minimize output current
ripple to meet power
electronics standards damage

Optimization  Optimize switching efficiency

objective or harmonic distortion

System
awareness

Treat the electrolyzer as a
passive electrical load

electrochemical dynamics

Extremely low ripple with specific
frequency characteristics to avoid catalyst
Optimize hydrogen production efficiency,

gas purity, and long-term durability

Modulate power input based on real-time
feedback of the electrolyzer’s internal state e Compromised operational safety during emergency

o Accelerated degradation of electrodes and membranes
e Increased polarization losses, reducing energy efficiencye
Accelerated catalyst corrosion and material fatigue,

shortening lifespan

e System operates at a suboptimal level; potential gains in
overall efficiency and longevity are missed

o Inability to proactively respond to internal faults

conditions



move_t0005

Z. Dong et al. | Global Energy Interconnection 9 (2026) 1-28

1 Alkaline water electrolysis system

Fig. 1 illustrates the schematic structure of a renewable-
powered water electrolysis hydrogen production system,
depicting the conversion of electrical energy from renew-
able sources into hydrogen, followed by its storage and
various end-use applications. Serving as a bridge between
renewable electricity generation and hydrogen storage
and utilization, the electrolysis system consists primarily
of two components: the hydrogen production power sup-
ply and the alkaline electrolyzer. The hydrogen production
power supply is responsible for delivering the electrical
energy required for the electrolysis process. It typically
comprises an AC/DC rectifier and a DC/DC converter
to ensure that the electrolyzer operates under appropriate
current and voltage conditions. Acting as the core device
for energy conversion, the alkaline electrolyzer splits water
molecules into hydrogen and oxygen through electrochem-
ical reactions. The produced hydrogen is then collected
and stored in dedicated hydrogen tanks, establishing a
foundation for subsequent hydrogen applications within
the system.

1.1 Alkaline electrolyzer

1.1.1 Electrolyzer characteristics

Alkaline water electrolysis is one of the most commer-
cially mature hydrogen production technologies, widely
adopted in large-scale industrial applications due to its rel-
atively low equipment cost and long operational lifespan
[17]. The layout of an alkaline electrolyzer is shown in
Fig. 2. It primarily consists of three key components: elec-
trodes, electrolyte, and a diaphragm [24,25]. The electrodes
are typically made from corrosion-resistant materials
(nickel coated perforated stainless steel) with good cat-
alytic activity to facilitate the half-cell reactions. The elec-
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trolyte is wusually an alkaline solution (potassium
hydroxide (KOH) 5-7 mol/L), whose concentration signif-
icantly affects the electrolyzer’s performance. While higher
concentrations improve ionic conductivity, excessively
high concentrations can increase viscosity and hinder mass
transfer [26].

The core electrochemical process is driven by an exter-
nally applied electric field, where water molecules are
reduced at the cathode to generate hydrogen, and hydrox-
ide ions are oxidized at the anode to produce oxygen. The
specific electrode reactions and the overall cell reaction are
as follows [28]:

Anode reaction: 4OH- — O, + 2H,O0 + 4e
Cathode reaction: 2H,O + 2¢- — H, + 20H
Overall reaction: 2H,O — 2H, + O,

This reaction pathway gives the alkaline electrolyzer
distinct multiphysics coupling characteristics involving
electrochemical, thermal, and fluid dynamic fields. Under
steady-state conditions, its voltage-current characteristic
curve exhibits strong nonlinearity, and system efficiency
is highly dependent on key state variables such as current
density, temperature, and pressure. In particular, the
hydrogen production rate is approximately linearly pro-
portional to current density, however, high current densi-
ties may also induce adverse effects such as bubble
coverage, ion transport inhibition, and accelerated mate-
rial degradation.

In practical operation, the single-cell voltage of an alka-
line electrolyzer (U,y) is significantly higher than the the-
oretical decomposition voltage of water, which is
approximately 1.23 V under standard conditions. This dis-
crepancy arises from the need to overcome multiple energy
barriers during electrolysis, including various overpoten-
tials (1) and ohmic losses (IR.y,;,) caused by the internal

Hydrogen energy
storage & application

i

Storage

Alkaline electrolyzer

Hydrogen-fueled
engine

Refueling station

Fig. 1. Schematic diagram of the renewable energy hydrogen production system.
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Fig. 2. Flow diagram of an alkaline electrolysis system [27].

resistance of components such as the electrolyte, elec-
trodes, and diaphragm. These overpotentials include the
anodic activation overpotential (#,..,) and cathodic acti-
vation overpotential (1,¢( ), both closely related to the cat-
alytic activity of electrode materials and electrochemical
reaction kinetics, as well as the concentration overpoten-
tial (9eonc), Which results from mass transport limitations
at the electrode surfaces. Consequently, the actual cell
voltage can be approximately expressed as:

Uel = Erey + Nacta + |r]act,c| + Neone T IR ohm

where E,., is the reversible cell voltage under current tem-
perature and pressure conditions. These overpotentials
and ohmic losses play a decisive role in determining the
energy conversion efficiency of the electrolyzer and are
thus central parameters in performance evaluation and
optimization.

The material selection and structural design of key
electrolyzer components are critical to both overall per-
formance and long-term durability. As the core sites for
electrochemical reactions, the electrodes must exhibit
excellent catalytic activity and stability. Conventional
alkaline electrolyzers commonly use nickel-based materi-
als, such as pure nickel mesh or porous sintered nickel
plates, due to their good corrosion resistance in strong
alkaline environments and relatively low cost. To further
enhance electrocatalytic efficiency and reduce the activa-
tion overpotentials, especially for the oxygen evolution
reaction, which typically presents a higher barrier,
researchers have explored electrode surface modifications
and the development of novel catalytic materials. Com-
mon approaches include the application of high
surface-area Raney nickel coatings or the integration
of transition metal oxides, e.g., NiCo0,0O4, NiFe,Oy,
and sulfides with superior oxygen evolution reaction

and hydrogen evolution reaction catalytic activity. Ideal
electrode materials must offer high intrinsic catalytic per-
formance and electrical conductivity while maintaining
excellent chemical and mechanical stability under harsh
operating conditions such as high temperature, strong
alkalinity, and dynamic current fluctuations. Addition-
ally, material availability and cost-effectiveness must be
considered to ensure feasibility for large-scale
deployment.

The diaphragm in an alkaline electrolyzer performs two
critical functions. First, it acts as a physical barrier to effec-
tively separate the hydrogen and oxygen gases generated at
the cathode and anode, respectively, thereby preventing
gas mixing that could approach explosive limits and pose
serious safety risks. Second, it serves as an ion-
conducting pathway that allows efficient transport of
hydroxide ions (OH") between the electrodes, completing
the electrical circuit. Traditionally, asbestos diaphragms
were widely used, but due to their associated health risks,
they have been gradually replaced by advanced materials.
Modern alkaline electrolyzers typically employ porous
polymer composite membranes, such as Zirfon dia-
phragms reinforced with alkali-resistant polymers like
polyphenylene sulfide, or specially modified polymer mem-
branes. Key performance metrics for diaphragms include
low ionic resistance, high gas impermeability, good wetta-
bility in electrolyte solutions, strong chemical and thermal
stability under high-temperature and highly alkaline con-
ditions, and sufficient mechanical strength to withstand
operational pressure differentials and assembly stress.
Microstructural parameters such as diaphragm thickness,
pore size and distribution, and porosity significantly influ-
ence both the level of ohmic loss and the purity of output
gases, making them essential factors in balancing system
efficiency and safety.
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Furthermore, the electrolyte, serving as the ion trans-
port medium, has a direct impact on the internal resistance
and operational stability of the electrolyzer. In industrial
practice, concentrated aqueous solutions of potassium
hydroxide (KOH, typically 25-35 wt%) or sodium hydrox-
ide (NaOH) are commonly used. The primary reason for
using high-concentration alkaline solutions is to achieve
higher ionic conductivity, which helps reduce the elec-
trolyte’s intrinsic ohmic resistance and improves electroly-
sis efficiency. However, a higher concentration does not
always equate to better performance. Excessively concen-
trated electrolytes may significantly increase solution vis-
cosity, impeding effective ion transport and potentially
hindering surface wettability and timely detachment of
gas bubbles from electrode surfaces. Additionally, elec-
trolyte purity is crucial to avoid catalyst poisoning, mini-
mize unwanted side reactions, and reduce corrosion of
system components. Long-term operation also necessitates
attention to electrolyte maintenance and regeneration.

Overall, alkaline electrolyzers maintain a dominant
position in current large-scale, centralized hydrogen pro-
duction projects due to their mature technological founda-
tion, relatively low manufacturing cost, and less stringent
feedwater requirements compared to PEM electrolyzers,
offering advantages such as reduced investment in water
purification systems. Nevertheless, the technology also
faces several inherent limitations. These include relatively
low current densities, which constrain hydrogen produc-
tion rates and limit system compactness, slow dynamic
response due to large thermal inertia and complex mass
transport processes, and increased risk of gas crossover
during low-load operation or start-up and shutdown
phases. These challenges pose significant barriers to the
direct coupling of alkaline electrolyzers with highly vari-
able renewable energy sources such as PVs and wind
power.

The technology developments targeted until 2030 can
be determined by analysing the expected Key Performance
Indicators (KPIs), such as the ones in Table 2 published by
Clean Hydrogen Partnership [29]. This table highlights the
required technological advancements and underscores the
critical role of advanced control strategies. Specifically,
dynamic control, e.g., MPC and adaptive control, is essen-
tial to reduce hot idle and cold start ramp times (KPI 4-5),
while ripple suppression and voltage regulation contribute
significantly to lowering degradation rates (KPI 6). Simi-
larly, optimization-based and fuzzy logic methods can
improve electricity consumption (KPI 1). However,
trade-offs must be carefully considered. For instance,
aggressive ramp-time reduction may accelerate component
degradation, whereas stringent ripple suppression may
compromise system efficiency. Therefore, selecting control
strategies requires balancing short-term performance with
long-term durability and energy efficiency.

1.1.2 Control challenges and controllable variables

Directly coupling alkaline electrolyzers with highly fluc-
tuating renewable energy sources such as wind and solar
power is currently considered one of the most promising
pathways for achieving large-scale, low-cost green hydro-
gen production. However, this coupling aiming at maxi-
mizing renewable energy utilization also presents
unprecedented challenges to the stability, efficiency, and
long-term operational safety of the electrolyzer system
from a control perspective. The root of these challenges
lies in the dynamic mismatch between the intrinsic charac-
teristics of the electrolyzer (e.g., electrochemical kinetics,
thermodynamics, and mass transport limitations), and
the intermittent, stochastic, and rapidly changing nature
of renewable power inputs. In particular, the trade-off
between dynamic response capability and overall system
efficiency constitutes a core control dilemma.

Alkaline electrolyzers generally have relatively slow
dynamic response characteristics due to their internal
physical structure. Large volumes of electrolyte, electrodes
and diaphragms with non-negligible thickness and thermal
capacity, along with the complex behavior of gas bubbles
on electrode surfaces, which affect the effective reaction
area and local conductivity, all contribute to this sluggish-
ness. Moreover, the delayed ion transport in porous elec-
trodes and diaphragms further hinders rapid adaptation.
As a result, when exposed to renewable power fluctua-
tions, electrolyzers struggle to promptly and accurately
adjust key internal states (e.g., current density, tempera-
ture distribution) to track the input power in real time.
This often leads to frequent operation away from the opti-
mal design point, substantially lowering both average
energy conversion efficiency and the effective utilization
rate of renewable energy over the system’s lifecycle.
According to literature [30], the startup process of a typical
alkaline electrolyzer from cold conditions to rated load
and stable operation can take tens of minutes to over an
hour. Even under preheated conditions, thermal startup
still requires several minutes to ramp up power and stabi-
lize, indicating a significant response lag. This intrinsic lim-
itation restricts the applicability of alkaline electrolyzers in
advanced energy scenarios that demand fast power regula-
tion, such as grid-support functions or rapid renewable
energy smoothing.

To further understand how renewable intermittency
impacts hydrogen production performance, the dynamic
behavior of large-scale electrolyzers under constant power
supply, fluctuating wind power, and accelerated wind
power ramping have been analysed [31]. The results
revealed that wind fluctuations significantly reduce hydro-
gen yield and increase production costs. Similarly, safety
concerns in the hydrogen production process under wind
variability, especially the sharp decline in hydrogen purity
as electrolyzer power drops has been highlighted [32]. The
instability of PV generation can lead to frequent elec-
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Table 2
KPIs for alkaline electrolysis [29].
Parameter Unit State of the Art 2020 Target
2030
1 Electricity consumption kWh/kg 50 43
@ nominal capacity
2 Capital cost €/(kg/d) 1,250 800
€/kW 600 400
3 O&M cost €/(kg/d)/y 50 35
4 Hot idle ramp time sec 60 10
5 Cold start ramp time sec 3,600 300
6 Degradation %/1000 h 0.12 0.1
7 Current density Afem? 0.6 1.0
8 Critical raw mg/W 0.6 0.0

materials as catalysts

trolyzer startup and shutdown cycles, accelerating equip-
ment aging [33]. Experimental studies confirmed the
importance of matching the PV maximum power point
with the electrolyzer operating point to avoid efficiency
losses [34]. Furthermore, it is found that the quality of
electrolyzer operation is closely related to its power-
tracking capability which means electrolyzers with higher
ramping rates and better load adaptability more effectively
handle renewable power fluctuations [35]. These studies
collectively underscore the tight coupling between renew-
able power variability and the operational quality and
hydrogen production performance of alkaline electrolyz-
ers. In industrial-scale hydrogen production, alkaline elec-
trolyzers are expected to operate stably over extended
durations to meet high output demands, necessitating high
energy efficiency and reliability. In contrast, distributed
energy systems require faster response to power fluctua-
tions for effective energy storage and utilization. Thus, dif-
ferent application scenarios impose different operational
requirements on alkaline electrolyzers, with each scenario
tightly linked to a specific set of controllable variables,
which are introduced below:

1) Operating Voltage. The operating voltage of an elec-
trolyzer plays a vital role in the performance and
durability of water electrolysis systems. Excessively
high voltage can accelerate catalyst degradation
and material wear, while excessively low voltage fails
to activate the electrochemical reaction effectively.
Moreover, due to the relatively low terminal voltage
of the electrolyzer stack, coupling with renewable
energy systems or the power grid typically requires
the use of step-down converters. Given the fluctuat-
ing voltage outputs of renewable sources such as
PV systems or wind turbines, active control of the
step-down converter is essential for maximizing the
overall efficiency of green hydrogen production.
For instance, it is reported that intermittent power
supply and cycling between open-circuit voltages
lead to increased iridium dissolution and higher con-

tact resistance at the anode [36]. Several studies have
shown that direct control of the stack terminal volt-
age can also enable secondary regulation of other
system variables, such as current density, power con-
sumption, and hydrogen production rate. In litera-
ture [37], a single voltage ramp was decomposed
into two segments, and the rate and duration of each
segment were optimized to enhance overall system
performance, indicating that precise voltage control
is beneficial for prolonging stack life.

2) Current Density. The rate of hydrogen production is
directly proportional to current density, which is also
closely linked to other critical system metrics such as
gas crossover rate, Faradaic efficiency, and voltage
degradation, making it a widely studied variable in
the literature [38]. According to fundamental electro-
chemical principles, the net current density determi-
nes the theoretical hydrogen yield per unit time.
Although high current density can boost instanta-
neous hydrogen output, it also significantly increases
the specific energy consumption per unit of hydrogen
(i.e., reduces voltage efficiency) and can accelerate
aging and degradation of critical components, such
as electrode catalysts and membrane materials, due
to intensified Joule heating effects [36]. Conversely,
operating at excessively low current densities leads
to poor production efficiency and may push the sys-
tem below the minimum threshold required for safe
and stable operation, raising the risk of gas crossover
and impurity [39]. To ensure safe operation, the elec-
trolyzer must be maintained above a critical current
density, below which shutdown is required. This
threshold depends on parameters such as membrane
thickness, pressure differential, and temperature.

Moreover, rapid changes in current density can
adversely impact electrolyzer components, which is why
commercial stacks typically impose limits on the allowable
current ramp rate [40]. According to the study [41],
repeated cycling causes accelerated dissolution of iridium

7
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at active anode sites, increasing stack degradation. In the
literature [42], it was observed that when operated under
cyclic loading, the terminal voltage of the electrolyzer
declines over time, and the degradation pattern varies with
the load cycle duration. Furthermore, output current rip-
ple, introduced by hydrogen production power supplies
with specific amplitude and frequency characteristics, has
been experimentally and theoretically shown to negatively
affect the long-term efficiency of alkaline electrolyzers by
inducing additional polarization losses and reducing com-
ponent lifespan through mechanisms such as electrode cor-
rosion and material fatigue [43,44].

Therefore, control strategies applied for current density
must account for its complex interactions with system effi-
ciency, component longevity, and product purity. It is
essential to identify optimal operating points under vary-
ing conditions while strictly regulating the current ramp
rate to avoid damage from rapid power fluctuations [40].
Advanced converter topologies and control techniques
should also be employed to suppress or eliminate harmful
current ripple during electrolysis.

3) Stack Pressure. During water electrolysis, the regula-
tion of stack pressure provides an important opera-
tional dimension for optimizing the performance
and system integration of alkaline electrolyzers.
Within a suitable range, moderately increasing the
operating pressure can reduce the average diameter
of gas bubbles formed on electrode surfaces during
the electrochemical reaction and accelerate their
detachment from active sites. This effect helps to alle-
viate bubble-induced blockage of reactive surfaces,
thereby lowering ion and electron transport resis-
tance, indirectly reducing ohmic losses, and poten-
tially improving the uniformity of current density
distribution across the electrode surface. More
importantly, from a system integration perspective,
producing hydrogen directly at elevated pressure sig-
nificantly reduces the need for subsequent multi-
stage gas compression for storage or utilization. This
results in substantial energy savings and avoids the
high capital cost of compression equipment, offering
considerable economic and system-level advantages
in certain application scenarios, such as integrated
hydrogen production and refueling stations [45].

However, increasing stack pressure also introduces non-
negligible technical challenges and adverse effects. Accord-
ing to fundamental gas dissolution and diffusion princi-
ples, higher pressure raises gas solubility in membrane
materials and increases the rate of cross-membrane gas
permeation. This can exacerbate gas crossover between
the anode and cathode compartments, leading to a decline
in Faradaic efficiency and reduced product gas purity [46—
48]. Additionally, high-pressure operation imposes stricter
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requirements on sealing performance, material mechanical
strength, and overall safety design of the electrolyzer and
its auxiliary systems. In particular, precise control of the
pressure differential between the anode and cathode is
essential to prevent membrane deformation or rupture
caused by excessive unidirectional pressure, thereby ensur-
ing the long-term safe and stable system operation [49].

Consequently, the control objective for stack pressure
must be carefully optimized based on downstream applica-
tion requirements, such as desired hydrogen purity and
pressure, as well as full lifecycle techno-economic analysis,
balancing electrolysis efficiency, compression costs, and
equipment investment. Furthermore, strict compliance
with safety constraints is mandatory. This requires accu-
rate control of internal pressure and inter-electrode pres-
sure differential through precise adjustment of actuator
elements such as inlet/outlet valve positions and buffer
tank pressures.

4) Water Feed Flow Rate. The water feed flow rate is
foundational in ensuring the stable and efficient
operation of alkaline electrolyzers under various
operating conditions. Whether as part of the circulat-
ing alkaline electrolyte or, in the case of zero-gap
electrolyzer designs, as continuously supplied deion-
ized water, the flow within the electrolyzer fulfills
several essential functions. First, it facilitates the
prompt removal of gaseous products generated at
the electrode surfaces, preventing excessive bubble
accumulation, growth, or channel blockage that
could impair mass transport and reduce the avail-
ability of active sites. This ensures continuous expo-
sure of the electrode reaction interfaces and
maintains efficient electrochemical conversion. Sec-
ond, the circulating fluid acts as the primary medium
for heat transfer, carrying away both Joule heat and
reaction heat generated during electrolysis from the
core region to external heat exchange systems, thus
contributing to precise temperature control and uni-
form thermal distribution within the electrolyzer.
Third, the feed flow replenishes water consumed as
a reactant and maintains the local concentration of
water molecules and hydroxide ions near the elec-
trode surfaces, avoiding depletion that could other-
wise intensify concentration polarization or reduce
reaction rates.

Improper setting or control of the flow rate can lead to
a range of operational issues. For example, insufficient
flow may cause severe gas bubble accumulation on elec-
trode surfaces or within narrow flow channels, resulting
in gas blockage, increased ohmic losses, localized hot spots
due to uneven temperature distribution, or even reactant
starvation when water supply becomes inadequate, each
of which can significantly degrade electrolyzer perfor-
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mance and reduce component lifespan [50-52]. On the
other hand, an excessively high flow rate unnecessarily
increases the energy consumption of the circulation pump,
thereby reducing the net energy efficiency of the hydrogen
production system. The core control objective, therefore, is
to dynamically optimize the flow rate of the electrolyte or
water feed based on real-time system conditions, including
operating current density, internal heat generation, gas
evolution rate, and overall system design, in order to bal-
ance multiple requirements: effective gas—liquid separation,
uniform thermal distribution, sufficient reactant supply,
and minimal auxiliary energy consumption [53].

Notably, emerging advanced control strategies have
begun to explore water flow rate as a potential auxiliary
control variable. For instance, in response to specific dis-
turbances, such as rapid changes in input current density,
flow rate adjustments have been proposed as a means of
indirectly influencing stack voltage or hydrogen produc-
tion dynamics [54]. Furthermore, reducing dependence
on freshwater resources is a growing concern, especially
in water-scarce regions or offshore renewable integration
scenarios. In such cases, integration with seawater desali-
nation units may be necessary, and the associated energy
consumption must be factored into the system’s total
energy balance [55].

5) Stack Temperature. Stack temperature is a critical
controllable environmental parameter that signifi-
cantly influences the electrochemical performance,
material stability, and energy efficiency of alkaline
electrolyzers. From the perspective of electrochemi-
cal reaction kinetics, moderately increasing the oper-
ating temperature typically yields several beneficial
effects. On one hand, it lowers the activation energy
required for electrochemical reactions at the elec-
trode surfaces, thereby reducing the activation over-
potential. On the other hand, elevated temperature
enhances ion mobility and conductivity in the elec-
trolyte solution, which decreases the liquid-phase
ohmic resistance. Together, these effects generally
lead to a lower overall operating voltage at a given
current density, thereby improving the energy con-
version efficiency [56,57].

However, increased temperature may also introduce a
range of adverse effects that cannot be omitted. For
instance, it can accelerate the corrosion of active electrode
materials and promote hydrolysis, oxidation, or structural
degradation of polymeric components such as dia-
phragms. These phenomena can significantly shorten the
service life of critical electrolyzer components and compro-
mise the long-term durability of the entire system [58]. In
large-scale industrial electrolyzers, maintaining uniform
temperature distribution, both along the flow channels
and across cross-sectional areas, is particularly important

due to the complexity of internal flow and heat transfer
patterns. Uneven thermal profiles can lead to non-
uniform current density distribution, premature failure of
materials at localized hot or cold spots, and reduced pre-
dictability and stability of overall electrochemical perfor-
mance [52].

Nevertheless, in practical applications, temperature
control remains challenging due to the inherently slow
thermal response of the system. As a result, many studies
and control models have traditionally underrepresented
or neglected thermal dynamics in their formulations [59].
Ensuring accurate, real-time control of stack temperature,
including precise thermal management systems and inte-
gration of thermal feedback into control algorithms, is
essential for achieving high-performance, long-lifespan
alkaline electrolyzer operation.

6) Hydrogen Output Flow Rate. Beyond the internal
variables of the electrolyzer, the hydrogen output
flow rate is a critical system-level controllable vari-
able, particularly when the electrolysis unit is inte-
grated with downstream processes. While the
instantaneous hydrogen production rate is directly
proportional to the current density, the delivery of
a stable and reliable flow of hydrogen gas is a distinct
control objective. For many industrial applications,
such as synthetic fuel production (e.g., Hp-to-CHy)
or ammonia synthesis (H,-to-NH3), the downstream
chemical reactors require a constant and precisely
controlled feedstock flow to ensure stable operation,
high conversion efficiency, and protection of sensitive
catalysts.

Control over the output flow rate is typically achieved
through a combination of intermediate buffer storage
tanks and actuators such as mass flow controllers or pro-
portional control valves. These components decouple the
potentially variable hydrogen production from the con-
stant demand of the downstream process. A feedback con-
trol loop measures the output flow and adjusts the
actuator to maintain a desired setpoint. The control chal-
lenge lies in coordinating this flow control with the elec-
trolyzer’s production control, managing the pressure
dynamics of the buffer tank, and ensuring the system can
respond to changes in downstream demand without com-
promising the electrolyzer’s own operational safety and
stability.

To consolidate the detailed discussion of control vari-
ables, Table 3 provides a systematic overview of the prin-
cipal control objectives and associated operational
constraints for the key variables in water electrolysis sys-
tems. These controllable parameters govern system effi-
ciency, dynamic stability, component durability, and
downstream integration. The summarized objectives and
constraints establish a formal basis for control-oriented
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modeling and guide the selection of appropriate strategies
for reliable and efficient operation.

1.1.3 Electrolyzer control strategies

Based on the previously discussed controllable vari-
ables, including voltage, current, pressure, flow rate, and
temperature, numerous control strategies have been devel-
oped with the electrolyzer as the controlled object. These
strategies range from traditional PID control to advanced
artificial intelligence (Al)-based techniques, each offering
unique advantages and applicable scenarios. This section
reviews and analyzes existing control strategies for alkaline
electrolyzers, highlighting the challenges encountered in
practical applications and exploring potential future direc-
tions. The aim is to provide a comprehensive reference for
selecting intelligent control strategies tailored to water
electrolysis hydrogen production systems.

Control strategies for electrolyzers can be broadly clas-
sified into two categories: model-driven methods and data-
driven methods. Model-driven methods rely on accurate
representations of the system’s physical and dynamic
behavior. These approaches regulate and optimize system
performance by adjusting control variables in accordance
with mathematical or physics-based models. Common
model-driven techniques include PID control, optimal
control, adaptive control, sliding mode control, and model
predictive control. These approaches are particularly effec-
tive in achieving performance optimization and managing
system uncertainties but require precise modeling of sys-
tem dynamics, which can be complex and computationally
intensive. In contrast, data-driven methods, such as fuzzy
logic control and Al-based techniques (including neural
networks, reinforcement learning, and other machine
learning approaches), do not depend on accurate system
models. Instead, they learn control strategies directly from
data, offering greater flexibility in handling complex sys-
tem behaviors and large- scale data sets. These methods
are especially advantageous for systems with high nonlin-
earity, strong coupling, or difficult-to-model dynamics,
and can adapt to changing operating conditions in real

Table 3

time. The classification of control strategies is summarized
in Fig. 3 and the detailed comparison of key characteristics
and representative literature associated with each control
approach is presented in Table 4, providing a reference
for selecting appropriate control methods based on system
complexity, modeling accuracy, real-time requirements,
and performance goals.

1) PID Control. PID control has been widely applied in
hydrogen production systems because of its advan-
tages of fast response, good stability, and ease of
implementation. The general structure of PID con-
trolled system is shown in Fig. 4.

In water electrolysis systems, PID controllers are com-
monly used for regulating stack current, gas pressure,
and coolant temperature, ensuring safe and stable opera-
tion under varying load demands. The key advantage of
PID lies in its straightforward implementation and low
computational burden, which makes it suitable for large-
scale electrolyzers integrated with power electronic con-
verters. In the literature [60], a PID-based controller was
designed for the thermal model of an alkaline electrolyzer,
achieving fast and stable temperature regulation. A third-
order time-delay thermal model and two novel tempera-
ture controllers are developed to mitigate temperature dis-
turbances under dynamic operating conditions [61]. The
PID control was used to regulate the electrolyzer temper-
ature under highly dynamic load conditions, achieving
precise thermal control [62]. Moreover, a PID regulation
algorithm implemented on a programmable logic con-
troller was used to control the valve opening of a pneu-
matic diaphragm valve, thereby adjusting the cooling
water flow rate and maintaining the electrolyzer tempera-
ture within an optimal range [63]. This control approach
significantly improved hydrogen production stability and
extended equipment lifespan.

Despite its effectiveness in regulating key parameters,
PID control faces notable limitations when dealing with
the growing complexity of modern electrolyzer systems,

Summary of control goals and constraints for key variables in alkaline water electrolysis.

Variable Control goals Constraints / Trade-offs
Operating Ensure efficient reaction activation; regulate stack operation; Excessive voltage accelerates catalyst degradation; low voltage fails
voltage secondary regulation of other variables. to sustain electrochemical reaction.

Current density
and stability.
Stack pressure
direct pressurized H, production.

Directly proportional to hydrogen output; optimize efficiency

Improve gas bubble detachment, reduce ohmic loss, enable

High density increases degradation and ohmic losses; low density
risks gas crossover; ramp rate limits apply.

High pressure increases gas crossover and sealing requirements;
careful pressure differential control needed.

Water feed flow  Ensure reactant availability; remove bubbles; manage thermal Too low: bubble accumulation, hot spots; too high: excessive pump

rate distribution.

Stack Enhance kinetics and ionic conductivity; improve efficiency.
temperature

Hydrogen Ensure stable and accurate supply for downstream processes

output flow rate (e.g., Ho-to-CH,4, Hy-to-NH3).

energy consumption.

High temperatures accelerate material degradation and corrosion;
uniform distribution critical.

Limited by electrolyzer ramping dynamics; depends on coordinated
control of current/pressure.
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Fig. 3. Control strategies for electrolyzers.

Table 4
Comparison of control methods for alkaline electrolyzer control strategies.
Methods Advantages Disadvantages Applications References
PID control Simple; widely used; fast response; acceptable tracking accuracy Limited in nonlinear and Real-time; [60-63]
multivariable cases Industrial-
scale
Optimal control ~ Optimizes setpoints; good tracking accuracy; potential energy savings Requires accurate modeling, Industrial-  [64-71]
high computation scale
Adaptive control Adjusts to changing conditions; maintains tracking accuracy Dependent on system model Real-time;  [72-76]
accuracy Industrial-
scale
Sliding mode Robust; high tracking accuracy; fast response Chattering effect; may stress Real-time; [77-80]
control electronics Distributed
Predictive Predictive; handles constraints; high tracking accuracy; short response High computational demand, Industrial-  [81-86]
control time; potential energy savings model accuracy critical scale;
Distributed
Fuzzy logic Model-free; robust to uncertainty; improved response time Subjective rule base, weaker Real-time; [87-89]
learning Distributed
Machine Handles nonlinearities; adaptable; potential energy savings Requires large training data, Industrial-  [37,90]
learning poor interpretability scale;
Distributed
Reinforcement Learns dynamic adaptation in uncertain environments Slow convergence, constraint Industrial-  [91-93]
Learning enforcement difficult scale;
Distributed

particularly in scenarios involving multivariable coupling,
nonlinear dynamics, and large-scale deployments. As sys-
tem scale increases and interactions among thermal, elec-
trical, and fluid subsystems become more pronounced,
PID’s simple structure and single-loop nature may fail to
adequately capture the full behavior of the system, leading
to suboptimal control performance.

2) Optimal Control. Optimal control strategies use
advanced optimization algorithms and intelligent
monitoring systems to determine control variables
in open-loop, ensuring stable operation of electrolyz-
ers under time-varying working conditions. The gen-
eral structure of such an optimal control system is
illustrated in Fig. 5. Compared with conventional
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Fig. 4. Structure of the PID controller.

PID, optimal control can explicitly incorporate
multi-variable couplings, such as between electrical,
thermal, and fluidic subsystems, thus enabling more
coordinated operation.

In water electrolysis systems, it is relevant for balancing
hydrogen production rate, stack efficiency, and component
lifetime. Particularly, optimal control formulations are
usually applied to determine current density trajectories
that reduce energy consumption while maintaining safe
thermal and pressure limits. For example, optimal control
is implemented in a grid-assisted photovoltaic hydrogen
production system, using electrolyzer current as the con-
trol variable to balance hydrogen demand with electricity
price and PV generation [64]. Wind power forecasts are
employed to optimize the control of an alkaline elec-
trolyzer, adjusting current to enhance system performance
[65]. In literature [66], a power-to-hydrogen system driven
by wind energy was modeled and controlled, with elec-
trolyzer current used to provide frequency support. The
study [67] optimized the scheduling of a PV-battery-
electrolyzer hybrid system, using electrolyzer power and
battery charge/discharge rates as main control variables
to maximize hydrogen yield. Voltage stability was
addressed via two-stage stochastic optimization, coordi-
nating the reactive power of PV inverters and electrolyzer
power to maintain stable voltage in high-PV-penetration
distribution networks [68]. In literature [69], real-time con-
trol of the electrolyzer’s input DC power was used to opti-
mize hydrogen production. A model-based control design
is proposed to regulate hydrogen purity in high-pressure

Optimal controll
ptimal controller Output

2T

Reference o
Optimization

t

State-space
model and constraints

Observer

Fig. 5. Structure of the optimal controller.
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alkaline electrolyzers by adjusting the outlet valve opening
[70]. A study on PEM electrolyzer systems under fluctuat-
ing renewable energy inputs demonstrated improved
hydrogen production efficiency through pressure control
[71].

Despite these advancements in the literature, optimal
control approaches still face challenges. Many current
methods show limited adaptability in complex and rapidly
changing real-world environments. Moreover, the compu-
tational cost associated with some optimization algorithms
remains high, potentially hindering practical implementa-
tion. Additionally, balancing multiple competing objec-
tives, such as efficiency, purity, cost, and safety, within a
unified control framework remains an open problem in
multi-objective optimal control design.

3) Adaptive Control. While the previously discussed
optimal control strategies have proven effective in
improving hydrogen production performance, they
often rely on predetermined control rules that may
not fully accommodate the increasingly dynamic
and uncertain operating conditions of real-world sys-
tems. For water electrolysis systems, factors such as
equipment aging, environmental temperature and
humidity fluctuations, and unforeseen disturbances
can change system characteristics, it is valuable to
develop adaptive method with adjustable controller
parameters online in response to plant variations
and external disturbances. As illustrated in Fig. 6,
the general structure of an adaptive control system
includes a real-time feedback loop, enabling the elec-
trolyzer to maintain stable and efficient operation
under variable and uncertain conditions. In literature
[72], an adaptive control strategy was proposed to
account for wind power fluctuations affecting alka-
line electrolyzers, controlling wind power input to
reduce the frequency of electrolyzer switching and
enhance hydrogen output. An adaptive power alloca-
tion strategy that dynamically distributes power
among an array of electrolyzers based on incoming
wind power and system efficiency is introduced,
thereby improving operational efficiency and extend-
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ing electrolyzer lifespan [73]. An adaptive droop con-
trol method was implemented for the electrolyzer,
combined with a virtual-capacitance variable-
coefficient droop control for the battery energy stor-
age system, achieving dynamic regulation of power
and voltage to suppress DC bus voltage fluctuations
and maintain hydrogen production efficiency [74].
The study [75] developed a PV-powered green hydro-
gen production system and applied an adaptive con-
trol scheme to adjust the electrolyzer’s operating
point in real time according to variations in photo-
voltaic output, thereby improving the energy utiliza-
tion efficiency of the PV system. In literature [76], an
adaptive thermal management system was proposed
to maintain the electrolyzer’s temperature within an
optimal range, which contributed to enhanced
hydrogen production stability and energy efficiency.

Despite these advantages, adaptive control is not with-
out challenges. The effectiveness of adaptive strategies
often depends on the accuracy of the underlying system
models. In electrochemical-to-hydrogen systems, which
involve complex energy conversion processes and the coor-
dinated operation of multiple components, rapid changes
in operating conditions and parameters can be difficult
to track and model. This may lead to degraded control
performance if the adaptive mechanism fails to capture
the system’s true dynamics. Therefore, while adaptive con-
trol enhances system resilience and responsiveness, its
application must be carefully designed with consideration
of model dependencies and real-time implementation
constraints.

4) Sliding Mode Control. SMC is a robust, non-linear
control strategy known for its ability to provide pre-
cise performance in the presence of significant model
uncertainties and external disturbances. These fea-
tures make it attractive for water electrolysis systems,
where nonlinear electrochemical dynamics and fluc-
tuating renewable inputs pose significant challenges
for conventional linear controllers. Reported appli-
cations include regulating stack current and voltage

Adaptive controller

Reference

——  Model

— Adaptive
— % algorithm

under variable operating conditions, and ensuring
stable hydrogen output despite uncertainties in elec-
trolyte concentration or temperature [77,78]. The
structure of a SMC controller is shown in Fig. 7.
The core principle of SMC is to drive the system’s
state trajectory onto a predefined sliding surface in
the state-space and maintain it there using a high-
speed, discontinuous control signal.

Given that alkaline electrolyzer models contain param-
eters that can change over time due to aging and varying
operating conditions, SMC’s inherent robustness is a sig-
nificant advantage. Its primary application in hydrogen
production systems is often in the control of the hydrogen
production power supply (e.g., the DC/DC buck con-
verter). Here, SMC can ensure that the output current or
voltage precisely tracks its reference, even under fluctua-
tions from a renewable energy source, thereby delivering
a stable and well-regulated power input to the electrolyzer.
While SMC offers a fast dynamic response, its main prac-
tical challenge is the phenomenon of chattering, i.e., high-
frequency oscillations in the system output caused by the
discontinuous nature of the control signal. This chattering
can increase energy losses in the power electronics and
excite unmodeled dynamics [79]. This issue is typically mit-
igated by employing techniques such as boundary layers or
higher-order sliding mode controllers.

5) Model Predictive Control. To overcome the limita-
tions of conventional static control methods, MPC
introduces a forward-looking approach that utilizes
real-time system state monitoring and dynamic mod-
els to predict future behavior. The general structure
of an MPC controller is shown in Fig. 8. This control
strategy is particularly attractive for water electroly-
sis systems because it explicitly handles multivariable
interactions and operational constraints while opti-
mizing system performance over a prediction hori-
zon. Unlike PID or adaptive schemes, MPC can
simultaneously regulate stack current, voltage, and
thermal dynamics, enabling improved efficiency and
safe operation under fluctuating renewable inputs.

—

Output
e

Fig. 6. Structure of the adaptive controller.
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Fig. 7. Structure of the sliding mode controller.

Specifically, MPC excels in managing constraints,
accounting for time-varying power inputs, and
accommodating multiple performance objectives
such as efficiency, safety, and resource utilization.
In simulations of a 5 MW commercial-scale elec-
trolyzer integrated with renewable energy sources,
MPC demonstrated superior temperature control,
achieving a response time reduced to 30 % and an
overshoot amplitude reduced to 10 % of those
observed with PI control [80]. In literature [81], a
coupled solar-hydrogen-storage system was mod-
eled, and MPC was employed to achieve precise
power tracking of the hydrogen subsystem, signifi-
cantly improving its utilization within the hybrid
framework. A two-stage stochastic MPC method is
proposed by combining model predictive control
with stochastic optimization in a PV-storage-
hydrogen integrated system, leading to enhanced
economic performance and greater PV power con-
sumption efficiency [82]. In literature [83], MPC
was applied to efficiently integrate an alkaline water
electrolyzer into a sustainable low-carbon district
heating system. By adjusting the electrolyzer’s load
in response to thermal demand, the approach opti-
mized energy conversion efficiency while supporting
decarbonization goals.

Nonlinear model predictive control was employed to
regulate alkaline electrolyzers for grid ancillary services,
using input power, grid-purchased electricity, and battery
charging/discharging power as control variables [84]. The
controller effectively tracked grid power fluctuations,
enabling safe and stable electrolyzer operation under
dynamic conditions. In literature [85], a novel MPC frame-
work was introduced to integrate electrolyzers into renew-
able energy systems, again using input power and battery
dispatch as control variables to enhance hydrogen produc-
tion economics and system adaptability to variable renew-
ables. A centralized economic MPC scheme for PV-driven
alkaline electrolyzers is proposed, enabling real-time eco-
nomic optimization and flexible power point tracking
[86]. The strategy also incorporated heat recovery from
the electrolysis process, boosting overall system perfor-
mance and energy efficiency.

MPC'’s strength lies in its ability to predict and optimize
future trajectories, enforce constraints explicitly, and coor-
dinate multiple control objectives. However, its applica-
tion requires accurate dynamic models and sufficient
computational resources for real-time implementation.
As computational tools continue to improve, MPC is
expected to become increasingly practical for real-world
electrolysis systems operating under variable renewable
energy conditions.

Model predictive controller

| | Future —
Reference X inputs Hipy
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Fig. 8. Structure of the model predictive controller.



Z. Dong et al. | Global Energy Interconnection 9 (2026) 1-28

6) Fuzzy Logic Control. FL control offers a key advan-
tage in its ability to emulate human expert decision-
making by evaluating system states through fuzzy
inference and generating appropriate control actions.
As shown in Fig. 9, the general structure of a fuzzy
logic controller includes fuzzification, inference,
and defuzzification stages that transform input vari-
ables into control decisions.

In water electrolysis hydrogen production systems,
fuzzy control demonstrates strong adaptability to rapid
energy input variations and provides effective regulation
of critical components such as the electrolyzer. Its rule-
based structure allows operators to encode expert knowl-
edge directly, leading to robust performance without
requiring an accurate plant model. This makes it particu-
larly well-suited to hydrogen production systems that are
inherently multivariable, strongly coupled, and nonlinear.

Nowadays, FL control strategies have been applied
across a variety of hydrogen production scenarios. For
example, a FL control strategy is proposed for a photo-
voltaic hydrogen production system, which effectively
reduced ripple in voltage and current outputs, enhanced
energy efficiency, and improved system robustness under
load disturbances [87]. In literature [88], FL control was
used to regulate the temperature of the water feed to the
electrolyzer, thereby increasing overall efficiency and
hydrogen output. FL theory is combined with internal
model control (IMC) to develop a fuzzy IMC temperature
controller, which modulated cooling water flow to main-
tain precise temperature control of the electrolyzer [89].
Compared with traditional PID controllers, the fuzzy
IMC design achieved superior performance in terms of
response speed, disturbance rejection, and robustness,
making it better suited for temperature regulation in
electrolysis-based hydrogen systems.

Overall, the application of FL control in electrolyzer
systems has demonstrated its potential to enhance system
stability and hydrogen production output. Future research
may further explore hybrid strategies that combine FL
with other intelligent control algorithms, such as neural
networks, RL, or MPC, to achieve improved control pre-

cision, adaptability, and performance across varying oper-
ational conditions.

7) Learning-Based Control. In the field of hydrogen pro-
duction through water electrolysis, the development
and application of Al-driven control algorithms
based on data learning are becoming key factors in
promoting technological advancement and achieving
intelligent management. Such methods, by simulat-
ing human learning processes, can handle complex
data patterns, optimize system performance, and
improve energy conversion efficiency. The general
structure of a learning-based controller is illustrated
in Fig. 10, where neural networks are trained on sys-
tem and environment data to predict dynamic behav-
ior and inform control actions. Specifically, learning-
based control methods construct complex neural net-
work models to learn the dynamic characteristics of
system and environmental interactions from large
amounts of data and make accurate predictions, pro-
viding information for optimizing system operation.
These methods are suitable for pattern recognition
and decision support in electrolytic hydrogen pro-
duction systems. For example, a data-driven control
strategy for electrolyzers is proposed, which
improves the operational efficiency and stability of
the electrolyzer by controlling the voltage to regulate
its performance [37]. Machine learning and heuristic
algorithms are utilized to optimize the operation
mode of electrolyzers, offering a more effective path-
way for the utilization of renewable energy [90]. A
multi-agent RL method is employed to achieve joint
optimal operation of multi-wind-hydrogen systems,
reducing wind curtailment, lowering hydrogen pro-
duction costs, and increasing system revenue [91].
Aiming at energy conservation and emission reduc-
tion, a scheduling scheme is proposed for a wind-
solar complementary renewable energy hydrogen
production system based on a deep RL algorithm
[92]. A real-time optimal scheduling strategy is intro-
duced for large-scale off-grid renewable energy
hydrogen production systems based on deep rein-
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Fig. 9. Structure of the fuzzy logic controller.
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Fig. 10. Structure of the learning-based controller.

forcement learning, achieving economic and efficient
system operation and effective utilization of renew-
able energy [93].

Although significant progress has been made in the
application of Al technology in electricity-to-hydrogen
systems, technical challenges concerning the adaptability,
interpretability, and reliability of the algorithms must be
addressed before widespread industrial adoption. Future
research should focus on overcoming these hurdles by
leveraging emerging Al paradigms. For instance, the inter-
pretability challenge of “black box” models can be miti-
gated using explainable Al frameworks to build trust
and verify safe operation. The adaptability of models to
new systems or aging components can be significantly
accelerated through transfer learning, reducing the need
for extensive retraining. Finally, the reliability and physi-
cal consistency of purely data-driven approaches can be
greatly enhanced by developing hybrid models, such as
physics-informed neural networks, which embed funda-
mental electrochemical principles directly into the learning
process to ensure physically plausible results.

In general, each individual control algorithms have its
specific inherent limitations. One promising pathway to
overcome these limitations is the development of hybrid
control strategies that combine complementary features
of different methods. For example, integrating MPC with
adaptive control allows real-time parameter adjustment
to counteract model inaccuracies, thereby enhancing pre-
dictive control robustness. Alternatively, combining
MPC with fuzzy logic can introduce heuristic rule-based
adaptation of control horizons or weighting factors, reduc-
ing computational complexity and improving resilience
against uncertainties. Such hybrid strategies can therefore
balance predictive optimization with adaptability and
robustness, making them particularly attractive for
industrial-scale electrolyzer applications under variable
renewable energy conditions.

1.1.4 Control-oriented dynamic electrolyzer model

To support the development of effective control strate-
gies for alkaline water electrolyzers, it is crucial to establish
simplified, control-oriented models that accurately reflect
the system’s key dynamic behaviors while remaining com-
putationally feasible for real-time implementation. Unlike
high-fidelity multiphysics models used for offline simula-
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tion, control-oriented models aim to strike a balance
between physical interpretability and dynamic tractability,
enabling closed-loop controller design, tuning, and perfor-
mance optimization.

A representative structure of such a model is illustrated
in Fig. 11, which captures the dominant dynamic relation-
ships between electrical input variables, e.g., voltage and
current, and critical system outputs such as hydrogen pro-
duction rate, internal temperature, and stack pressure. The
diagram depicts a modular mapping from the power inter-
face through the electrolyzer’s electrochemical and thermal
subsystems, incorporating simplified dynamic blocks such
as ohmic resistance and thermal inertia. This abstraction
allows for feedback controller synthesis and provides an
intuitive basis for understanding how disturbances in
power input propagate through the electrolyzer system.
In particular, each module in plays a distinct role: the
power interface translates the input electrical variables into
the power that drives the system; the electrochemical
model represents the core reaction kinetics, accounting
for phenomena like ohmic resistance and overpotentials
to determine the instantaneous hydrogen production rate;
the thermal model captures the system’s thermal inertia
and heat exchange characteristics to predict the stack tem-
perature. These interconnected blocks demonstrate how
electrical ~disturbances translate into multiphysical
responses, thereby justifying the necessity of a co-control
framework where the power supply’s fast dynamics are
coordinated with the electrolyzer’s slower thermal and
mass-transport dynamics. Such a modular representation
directly supports the hierarchical co-control strategy pro-
posed in Section 3.2, enabling predictive optimization
across electrical, thermal, and electrochemical domains.

In this framework, the cell voltage-current relationship
is typically expressed as a nonlinear function composed of
the reversible cell voltage and various overpotentials,
including activation, ohmic, and concentration losses.
Around nominal operating points, this nonlinear behavior
can be linearized into state-space or transfer-function
models suitable for PID or MPC design. Similarly, the
thermal dynamics are modeled as a first-order system with
a time constant determined by the thermal mass and heat
transfer characteristics of the stack. Such thermal models
are essential for designing temperature control loops, par-
ticularly when integrating adaptive thermal regulation or
multi-objective optimization.

Parameter sensitivity analysis forms an integral part of
model validation and control robustness assessment.
Parameters such as internal resistance, thermal capaci-
tance, heat transfer coefficients, and current ripple ampli-
tudes strongly influence the closed-loop response
characteristics. For instance, the time constant associated
with stack temperature directly affects the stability margin
and settling time of thermal controllers, while inaccuracies
in the estimation of overpotential-related coefficients can
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Fig. 11. Coupling between multiple physical models.

degrade voltage regulation performance. Moreover, in
MPC-based strategies, the prediction horizon, control
horizon, and tuning weights must be selected in accor-
dance with the system’s response speed and allowable con-
straint violations. Small deviations in these parameters
may result in significant performance deterioration or even
instability, especially under fast-changing renewable power
inputs.

Recent studies have also explored data-driven system
identification techniques, such as least-squares estimation,
recursive modeling, and Kalman filtering, to adaptively
update model parameters during real-time operation
[37,82]. These approaches enhance the ability of the con-
trol system to respond to time-varying conditions, such
as component aging, environmental fluctuations, or sud-
den load changes, thereby improving long-term control
fidelity and hydrogen production efficiency.

In summary, the integration of control-oriented model-
ing with parameter sensitivity analysis enables the system-
atic design and refinement of control algorithms for
alkaline electrolyzer systems. Such modeling approaches
not only provide the foundation for advanced control
methods, but also bridge the gap between system-level per-
formance requirements and the physical behavior of the
electrochemical process.

1.1.5 Experimental and pilot-scale implementations
Although much of the literature on advanced control
strategies for alkaline electrolyzers remains theoretical or

simulation-based, several pilot-scale and experimental
studies have demonstrated their practical feasibility. For
instance, the H2Future project in Austria (6 MW AWE)
and the REFHYNE project in Germany (10 MW AWE)
have successfully applied advanced hierarchical and super-
visory control to enable renewable load-following and grid
balancing [94,95]. Similarly, Air Liquide’s 20 MW Bécan-
cour electrolyzer in Canada has implemented real-time
control strategies to ensure stable operation under variable
renewable energy input [96]. At the laboratory scale, pre-
dictive MPC schemes have been tested on small AWE
stacks to validate ramp-rate optimization, while fuzzy
logic controllers have been experimentally shown to reduce
current ripple and improve durability. These examples
illustrate that advanced control strategies are not only con-
ceptually promising but also increasingly validated in
practice, bridging the gap between theoretical design and
industrial deployment.

1.2 Hydrogen production power supply

1.2.1 Control structure of the power supply

The hydrogen production power supply serves as the
critical interface between the power grid or renewable
energy source and the electrolyzer, tasked with converting
variable electrical input into a stable, well-regulated DC
output to drive the electrochemical process. To better illus-
trate the conventional control paradigm, Fig. 12 depicts a
typical control architecture for a hydrogen production
rectifier.
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This system architecture is typically implemented using
a cascaded control strategy within a digital signal proces-
sor or microcontroller. The outer loop, which can be a
voltage or power controller, sets the overall operating
point for the electrolyzer and provides the reference for
the inner current loop. The inner loop is a high-
bandwidth current controller, often a PI controller, which
provides fast dynamic response and precise current regula-
tion. The output of the current loop is the pulse-width
modulation (PWM) signal generator, which controls the
DC/DC converter, e.g., a buck converter with insulated-
gate bipolar transistor (IGBT). The converter powers the
alkaline electrolyzer load. Feedback signals for voltage
and current are measured at the output of the converter.
This dual-loop structure is effective at ensuring the electri-
cal stability and tracking performance of the power con-
verter itself.

However, this classical control architecture is funda-
mentally limited because it treats the electrolyzer as a pas-
sive electrical load. The controller’s objectives are defined
almost exclusively from a power electronics perspective:
maintaining output voltage/current accuracy, minimizing
ripple, and ensuring fast transient response. This decou-
pled design paradigm largely overlooks the complex and
slower multiphysics dynamics within the electrolyzer, such
as its thermal inertia, catalyst degradation mechanisms,
and two-phase flow phenomena. As a result, an output
characteristic that is optimal for the converter (e.g., an
extremely fast step response) may not be beneficial to the
long-term efficiency, durability, and safety of the elec-
trolyzer. Understanding the specific operational require-
ments that the electrolyzer imposes on the power supply
is therefore a prerequisite for developing more effective
and integrated system-level control.

1.2.2 Electrolyzer requirements for power supply design
Although the theoretical decomposition voltage of
water is 1.23 V, the actual voltage required during electrol-
ysis is approximately 1.7 V due to the presence of internal
ohmic resistance and various overpotentials within the
electrolyzer. To overcome these resistive and kinetic barri-
ers during system startup, an elevated cell voltage is typi-

I dc_ref
—_—

controller

Ib ref
Voltage ‘b +

A

cally applied to accelerate the electrochemical reactions
and reduce the startup time. However, increasing the cur-
rent density at this stage also intensifies the overpotential
losses, while the resulting temperature rise can lower the
reversible cell voltage. Therefore, the applied voltage dur-
ing startup must be carefully regulated to minimize unnec-
essary energy consumption and avoid excessive thermal or
electrochemical stress. In practice, this is typically
addressed through soft-start strategies, where the voltage
is gradually ramped up to the nominal operating point,
or through staged ramping methods, which apply voltage
in controlled steps with short dwell periods. Both
approaches reduce current surges, facilitate electrolyte
wetting, and minimize bubble accumulation. These profiles
are usually implemented via closed-loop controllers that
ensure safe and reliable startup sequences, thereby mitigat-
ing degradation risks.

Once the electrolyzer transitions to steady-state opera-
tion, fluctuations in renewable energy sources can compro-
mise the stable and safe operation of the system. This
imposes stringent performance requirements on the hydro-
gen production power supply. Specifically, the power sup-
ply must be capable of accommodating wide input power
variations, delivering a stable and well-regulated DC out-
put voltage, and minimizing output current ripple. These
factors are essential for maintaining the purity of hydrogen
production, ensuring operational stability, and protecting
the long-term durability of electrolyzer components.

To meet the operational requirements of the elec-
trolyzer under such fluctuating conditions, the power sup-
ply’s rectifier, which serves as the key interface between the
grid or renewable source and the electrolyzer, plays a crit-
ical role. Its performance directly impacts the overall effi-
ciency and reliability of hydrogen production under
dynamic operating scenarios. Commonly used rectifiers
in electrolysis systems include semi-controlled and fully
controlled types. Semi-controlled rectifiers based on thyris-
tor technology offer advantages such as high reliability,
scalability for large power ratings, and relatively low cost.
However, their dynamic response is limited. With the mat-
uration of high-power IGBT devices, fully controlled
PWM rectifiers based on IGBT technology have become

Current PWM
controller generator
Alkaline DC/DC

electrolyzer converter

Fig. 12. Typical control system architecture for a power supply in water electrolysis.
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a preferred alternative. These converters offer superior
power quality, faster dynamic response, and enhanced
control flexibility, making them well-suited for integration
with modern electrolyzer stacks operating in conjunction
with intermittent renewable energy sources.

1.2.3 Control objectives and strategies

In the context of water electrolysis for hydrogen pro-
duction, the control strategies for the power supply are
predominantly developed from the perspective of power
electronics. These strategies generally focus on four pri-
mary objectives. First, maintaining stable rectifier output
is essential to ensure a reliable DC power supply to the
electrolyzer, thereby enhancing hydrogen production effi-
ciency and reducing energy consumption. Second, mini-
mizing current ripple at the power supply output is
critical for mitigating thermal stress and corrosion of elec-
trolyzer components, which in turn contributes to longer
equipment lifespan and improved operational stability.
Third, enhancing the dynamic response of the hydrogen
production power supply to fluctuations in renewable
energy input is vital. A rapid and robust response helps
maintain continuity in the electrolysis process and ensures
consistent hydrogen output, even under variable grid or
distributed generation conditions. Lastly, achieving adap-
tive control of both electrolysis power and stack tempera-
ture is necessary to optimize reaction efficiency, protect
system components, and improve the overall reliability
and performance of the hydrogen production system.

Based on these four control objectives, Table 5 summa-
rizes the relevant literature and associated control methods
that have been proposed and implemented to date.

1) Hydrogen Production Efficiency. To ensure stable rec-
tifier output and enhance the energy efficiency of
hydrogen production, various control strategies have
been proposed and implemented. In literature [97], a
high-power DC/DC converter based on IGBT mod-
ules was designed, and a two-stage control scheme
was developed. This scheme includes a constant-
voltage startup mode to reduce startup time, fol-
lowed by a voltage/power droop control mode to
lower energy consumption and adapt to fluctuations
in renewable energy input once the target hydrogen
production rate is achieved. In literature [98], a
Cuk converter tailored for wind-powered hydrogen
production was modeled. Duty cycle control was
employed to stabilize the output voltage, ensuring
compatibility with the electrolyzer’s operational
requirements. A supplementary damping control
strategy is introduced based on DC voltage modula-
tion of the electrolyzer stack [99]. The controller
parameters were optimized under multiple operating
conditions to suppress subsynchronous oscillations
during grid-connected operation of hydrogen loads.

Similarly, a coordinated damping controller is pro-
posed by integrating the hydrogen production system
and a doubly-fed wind turbine [100]. By using the
electrolyzer current as a feedback signal, the system
dynamically adjusted the DC voltage through a sub-
synchronous damping controller combined with PI
control, effectively mitigating oscillations introduced
by offshore wind power via HVDC transmission. A
dual-active-bridge integrated boost converter topol-
ogy is developed, regulated by phase-shifted PWM,
for DC-DC interfacing between a high-voltage DC
bus and electrolyzer stacks in multi-energy hybrid
microgrids [101]. This topology supports input-
series/output-parallel configurations, achieving volt-
age equalization on the series side and voltage stabil-
ity on the parallel side, while maintaining
transformer voltage matching across modules. In
the study [102], harmonic distortion requirements
were addressed by employing an IGBT-based indi-
rect current control strategy, which enabled unity
power factor operation on the AC side and sup-
pressed grid-side current distortion, meeting the rip-
ple constraints of hydrogen production power
supplies. A chopper-based rectification technology
is presented using PWM-controlled IGBT modules
for large-scale water electrolysis systems [103]. The
design adopts a modular approach, featuring
constant-current and over-voltage protection capa-
bilities, with high-precision control of the DC out-
put. Considering the wide power input range
required for photovoltaic-powered hydrogen sys-
tems, the study [104] applied the incremental conduc-
tance method for maximum power point tracking,
along with PWM-based control of IGBT devices.
This method improves the system’s ability to accom-
modate power fluctuations and enhances overall
energy conversion efficiency. Although PI controllers
used in these PWM-based schemes offer structural
simplicity, the increased susceptibility to distur-
bances under fluctuating conditions imposes stricter
robustness requirements on the controller design.

2) Current Ripple. The impact of output current ripple

from hydrogen production power supplies on elec-
trolyzer performance has been comprehensively
investigated [105]. The study demonstrated that cur-
rent ripple not only reduces hydrogen production
efficiency but also accelerates the degradation of elec-
trolyzer components, thereby shortening system lifes-
pan. To mitigate this issue, a multiphase interleaved
stacked buck converter architecture is proposed,
which utilizes a compensatory PWM control scheme
[106]. This approach enables the output AC current
waveform to complement the ripple profiles across
the interleaved phases, effectively reducing overall
ripple. Building on this architecture, a gain-

19


move_t0025

Z. Dong et al. | Global Energy Interconnection 9 (2026) 1-28

Table 5
Control objectives and methods of power supply.

Control objective References Control method
Hydrogen production efficiency [97-99] PI control, droop control
[101] Phase-shift PWM control
[102] Indirect current control
Reducing current ripple [106,107] Interleaved PWM control, gain-scheduled PI control
[87] Fuzzy PI control
Improving response speed [108] SPWM modulation
[109,110] Virtual synchronous generator control
[

Temperature regulation 111]

Two-stage power-temperature coordinated control

scheduled PI controller that generates four PWM
gating signals for controlling IGBT switches is devel-
oped [107]. Experimental results confirmed that this
control strategy significantly reduces overshoot and
oscillation in phase currents, leading to smoother
system dynamics. A fuzzy-PI control strategy for a
photovoltaic-based hydrogen production system is
introduced in the study [87]. In this method, the out-
put voltage from the buck converter is fed back to a
fuzzy-PI controller, which generates trigger signals
for the IGBT devices, thereby regulating the elec-
trolyzer’s operating voltage and current. Simulation
results validated that this approach effectively
reduces output voltage and current fluctuations while
also minimizing overshoot and settling time. Despite
these benefits, fuzzy-PI control is inherently based on
qualitative expert knowledge rather than precise
mathematical modeling. As a result, it generally
lacks the accuracy and robustness of model-based
control methods, particularly in complex or highly
dynamic operating environments.

3) Dynamic Response Speed. The fast dynamic response
capability of fully controlled rectifiers offers a dis-
tinct advantage in hydrogen production systems. In
literature [108], a PWM-based rectification circuit
was employed to design the power supply, incorpo-
rating SPWM and digital control techniques typi-
cally used in inverter circuits. This design not only
ensured low harmonic distortion on the AC side
and allowed operation at unity power factor, but
also eliminated the need for tap-changing transform-
ers and reactive power compensation devices, there-
by reducing system losses and improving overall
efficiency.

In the context of frequency regulation using hydrogen
loads, various control strategies have been investigated.
The feasibility of using fully controlled rectifiers is evalu-
ated under droop control, derivative control, and virtual
synchronous generator (VSG) control schemes for fre-
quency support via electrolysis-based hydrogen loads
[109]. Among these, the VSG-based approach demon-
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strated superior transient frequency support performance.
Building on this, a current-source-type VSG control strat-
egy is proposed in which the hydrogen production power is
dynamically adjusted in response to grid frequency varia-
tions [110]. This approach provides both inertial and
damping support during transients and enables primary
frequency regulation under steady-state conditions, thus
enhancing frequency stability.

Compared with conventional droop control, the use of
current-source VSG control at the electrolyzer interface
rectifier results in smoother frequency variation on the
AC bus. This indicates that the hydrogen production load
can effectively contribute to grid inertia compensation by
modulating its consumption in real time. However, VSG
control strategies involve multiple control parameters,
and their tuning has a significant impact on system perfor-
mance. Careful parameter design and coordination are
therefore critical for achieving optimal dynamic behavior.

4) Temperature Regulation. While previous studies have
primarily focused on control strategies based on elec-
trical variables, the influence of temperature regula-
tion on hydrogen production performance remains
less involved. A two-stage adaptive control strategy
is proposed to jointly regulate hydrogen production
power and temperature [111]. In the offline phase, a
system efficiency model is established based on sys-
tem architecture and equipment parameters to deter-
mine optimal electrolyzer power allocation and
corresponding temperature setpoints across the full
power range. In the online phase, the real-time
hydrogen production power is used to retrieve the
appropriate operating conditions from the precom-
puted power-temperature schedule. These values
are then applied to generate PWM modulation sig-
nals and valve opening commands via a buck con-
verter and valve controller, respectively.

Despite its structured formulation, this two-stage con-
trol framework presents notable limitations. The reference
trajectories generated offline may not sufficiently account
for real-time constraints or dynamic system states, espe-
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cially in systems like water electrolysis where strong cou-
pling and nonlinear behavior are prevalent. As a result,
the online controller may struggle to accurately track the
desired setpoints under variable operating conditions,
leading to suboptimal control performance or system
inefficiencies.

In summary, fully controlled power electronic devices
offer enhanced dynamic responsiveness and greater flexi-
bility for hydrogen production systems. The integration
of high-power converters, PWM control techniques, multi-
phase interleaved buck converters, fuzzy-PI controllers,
and VSG strategies has shown considerable potential in
improving energy efficiency, suppressing current ripple,
enhancing adaptability to renewable energy fluctuations,
and enabling adaptive temperature regulation. These
advances provide a solid theoretical and technical founda-
tion for the design and optimization of electrolytic hydro-
gen production systems and contribute to the broader
deployment of clean energy technologies.

2 Future research perspectives
2.1 Critical challenges to be addressed

A comprehensive review of existing research reveals sev-
eral critical gaps that warrant urgent attention. Most cur-
rent studies on IGBT-based power supplies for electrolysis
focus primarily on converter topologies and high-power
module development, with performance metrics largely
defined from the perspective of power electronic quality
parameters such as voltage regulation, efficiency, and har-
monic suppression [105,112-115]. This has resulted in a
decoupled design paradigm where the power supply is
optimized independently of the electrolytic hydrogen pro-
duction process, without systematic consideration of the
dynamic operational modes and specific requirements of
the electrolyzer under varying conditions. However,
improvements in electrical output quality do not necessar-
ily translate into universally beneficial effects across all
operational states of the electrolyzer. Therefore, control
algorithms for hydrogen production power supplies
should be designed with full awareness of electrolyzer
characteristics and operational demands, enabling tailored
output behavior from fully controlled converters that
aligns with the needs of the electrochemical process.

The electrolyzer typically operates under three distinct
conditions: steady-state, variable-load, and emergency
modes. In steady-state operation, output stability of the
power supply is paramount. Frequent fluctuations in sup-
ply voltage or current can lead to reduced hydrogen out-
put, structural changes at the catalyst surface, and
deterioration of active sites, ultimately compromising sys-
tem durability. In variable-load conditions, the synchro-
nization between the power supply’s adjustment speed
and the electrolyzer’s response capability becomes critical.

A mismatch, such as slow regulation from the power sup-
ply while the electrolyzer reacts rapidly, can result in insuf-
ficient energy input. Conversely, overly rapid power
changes that exceed the electrolyzer’s dynamic limits can
lead to voltage overshoots or transient overpotentials,
potentially causing membrane or electrode degradation
and even catastrophic failure such as dielectric breakdown.
Under emergency conditions, the power supply must be
capable of tightly coupling with real-time electrolyzer state
feedback. Safety indicators from within the electrolyzer
should trigger immediate shutdown commands to the
power electronics in order to prevent excessive energy
accumulation. In parallel, auxiliary energy dissipation
pathways should be activated to safely release residual
energy and protect system integrity. These scenarios
clearly indicate that hydrogen production power supplies
must satisfy distinct control objectives across different
operating regimes. However, existing algorithms, which
are designed independently of the electrochemical dynam-
ics, are inadequate for delivering context-specific
responses. To ensure safe, efficient, and reliable operation
of power-to-hydrogen systems, it is essential to develop
fully integrated control algorithms that explicitly account
for the coupled behavior between the power supply and
the electrolyzer, particularly under dynamically varying
operating conditions.

The control of hydrogen production power supplies
with alkaline electrolyzers as loads has received some
attention, but it has mostly been approached from the per-
spective of single rectifier output performance, and the
control algorithms predominantly use traditional PID con-
trol based on classical control theory. For instance, a
voltage-current dual-loop control strategy based on PI
control was employed to enhance the rapid response capa-
bility of the hydrogen production converter to photo-
voltaic power sources [116]. A photovoltaic hydrogen
production system based on fuzzy PI control was investi-
gated to effectively reduce the output current ripple of
the converter [87]. A two-stage control strategy based on
PI controllers for constant voltage start-up and steady-
state operation was developed to achieve rapid response
for renewable energy fluctuations and stable hydrogen
production [117]. However, an electrolyzer, as a complex
electrochemical system, possesses highly coupled internal
components and exhibits significant nonlinear characteris-
tics. Traditional control methods struggle to adapt to
changes in the control model, external disturbances, and
parameter fluctuations under the complex operating con-
ditions of the electrolyzer. Furthermore, traditional con-
trol lacks the predictive capability for future electrolyzer
operating states, rendering it unable to optimize current
control parameters based on predictions of future changes
in operating conditions. Addressing the issues of inflexibil-
ity and inefficiency in existing control algorithmes, it is nec-
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essary to research more advanced and effective control
algorithms for hydrogen production power supplies.

2.2 Perspectives for integrated control objectives and strategies

To address the aforementioned critical issues, namely,
the decoupled design of power supplies and the inade-
quacy of traditional algorithms for complex operating
conditions, a paradigm shift from decoupled regulation
to a deeply integrated, coordinated control framework is
essential. The core of this new paradigm is the synergistic
co-design of control strategies that explicitly account for
the coupled electro-chemo-thermal behavior of the entire
power-to-hydrogen system. To visually articulate this
advanced approach, Fig. 13 presents a hierarchical frame-
work for the coordinated control of the power supply and
electrolyzer.

This hierarchical framework decomposes the complex
control problem into three distinct layers operating on dif-
ferent timescales and with different objectives. The supervi-
sory layer operates on a slow timescale, e.g., minutes to
hours, making economically-driven decisions based on
market signals and long-term forecasts to determine the
most profitable or efficient operating trajectory for the sys-
tem. The coordination layer forms the core of this inte-
grated framework, operating on a timescale of seconds.
Its key innovation is the use of advanced control strategies,
such as MPC, which rely on a dynamic model of the entire
system. This controller receives high-level setpoints from
the supervisory layer but makes real-time adjustments
based on comprehensive feedback of the electrolyzer’s
internal state, e.g., temperature and pressure. By predict-
ing the future evolution of the system, it can proactively
optimize the power input to track a reference while explic-
itly enforcing constraints related to safety, efficiency, and
component degradation, thereby achieving a true multi-
objective optimization. Finally, the execution layer, oper-
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ating at the millisecond timescale, consists of the power
electronics converter and its low-level PI controllers. Its
role is to act as a high-fidelity actuator, precisely and
rapidly executing the dynamic current or voltage com-
mands issued by the coordination layer.

This hierarchical structure transforms the power supply
from a simple slave device into an intelligent component of
a fully integrated system, providing a clear and systematic
pathway for designing the specific control objectives and
strategies required for steady-state, variable-load, and
emergency conditions. By employing this hierarchical con-
trol framework, the control objectives for the power-to-
hydrogen system can be designed accordingly based on
the operational conditions of the electrolyzer, which are
specified as:

Under steady-state conditions, the primary control
objective for the hydrogen production power supply is to
provide a stable energy input to the electrolyzer, ensuring
consistent hydrogen production. Specifically, to minimize
power supply output fluctuations, the optimization control
objective function can be defined as the variance of the
power supply output power. A stable power output helps
maintain a constant reaction rate at the electrode surfaces
within the electrolyzer, thereby guaranteeing a stable
hydrogen generation rate. For example, in industrial pro-
duction, a stable hydrogen supply can improve the consis-
tency of product quality and reduce subsequent processing
costs. Meanwhile, considering catalyst protection, a cata-
lyst activity preservation index should be introduced, such
as a weighted sum of the rate of change in catalyst surface
structure and the degree of active site damage. By minimiz-
ing this catalyst activity preservation index, frequent fluc-
tuations in catalyst surface potential are avoided, reducing
the risk of changes in catalyst structure and damage to
active sites, thereby extending catalyst lifespan and lower-
ing electrolyzer maintenance costs. Furthermore, a stable
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Fig. 13. Hierarchical framework for coordinated control of an electrolyzer system.
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reaction environment is conducive to enhancing the cat-
alytic efficiency of the catalyst, further improving the
hydrogen production performance of the electrolyzer.
Under variable-load conditions, the control objective
for the hydrogen production power supply is to achieve
optimal matching between the power supply regulation
speed and the electrolyzer’s response capability, thereby
reducing energy losses and the risk of equipment damage.
The optimization control objective function can be defined
as minimizing the discrepancy between changes in power
supply output power and variations in electrolyzer
demand. When the load increases, the hydrogen produc-
tion power supply should rapidly increase its output power
to meet the electrolyzer’s increased energy requirements.
This necessitates excellent dynamic response performance
from the power supply, enabling it to adjust output power
within a short timeframe and ensure the electrolyzer
receives timely and adequate energy input to maintain a
stable hydrogen production rate. For example, in energy
storage systems, when a rapid increase in hydrogen pro-
duction is needed to store surplus electricity, the swift
response of the hydrogen production power supply allows
the electrolyzer to efficiently convert electrical energy into
hydrogen, enhancing the efficiency of energy storage.
Moreover, good coordination between the power supply
and the electrolyzer can prevent a decline in the hydrogen
production rate due to insufficient energy input, thereby
meeting the system’s demands for varying hydrogen out-

put. When the load decreases, the hydrogen production
power supply must smoothly reduce its output power to
prevent energy wastage and adverse effects on the elec-
trolyzer. Rational power adjustment ensures a gradual
decrease in the reaction rate within the electrolyzer, avoid-
ing issues such as reduced hydrogen quality and compro-
mised electrolyzer stability caused by excessively rapid
power drops. Precise control over changes in power supply
output power can enhance the efficiency and reliability of
the entire hydrogen production system under variable-
load conditions, achieving efficient energy utilization.
Under emergency conditions, the primary objective for
the hydrogen production power supply is to ensure system
safety. The control objective function can be defined as
minimizing the response time when a hazardous situation
occurs and maximizing the efficiency of energy dissipation.
Upon detecting an abnormal situation in the electrolyzer,
the hydrogen production power supply should react
swiftly to rapidly shut down the power output. This action
prevents excessive electrical energy from entering the elec-
trolyzer, thereby averting more severe incidents such as
explosions or fires. For instance, in an emergency, timely
disconnection of the power supply can protect the elec-
trolyzer and other equipment from damage, reducing the
risk of casualties and property loss. It also provides a safe
environment for subsequent troubleshooting and repair.
Furthermore, activating energy dissipation channels is a
crucial measure under emergency conditions. After the
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power output is cut off, surplus energy may still exist
within the system. By opening energy dissipation path-
ways, this excess energy can be safely released, mitigating
system risks. For example, utilizing resistors or other
devices to convert surplus energy into heat for dissipation
ensures that the system can be safely shut down during an
emergency. This helps protect the electrolyzer and other
critical equipment, lessens the impact of faults on the sys-
tem, and facilitates conditions for rapid system recovery.

In summary, by clearly defining the control objectives
for the hydrogen production power supply under various
operating conditions of the electrolyzer and by fostering
synergistic interaction with the electrolyzer, the opera-
tional demands of the electrolyzer across multiple scenar-
ios can be met. This provides an important direction and
basis for the subsequent design, formulation, and opti-
mization of control strategies. Advanced control strate-
gies, such as feedback control and model predictive
control, can then be developed with specific targets to
achieve precise regulation of the hydrogen production
power supply. To better summarize the insights from this
review, Fig. 14 highlights the key challenges, benefits of
advanced control, and future research directions in the
transition toward advanced hydrogen production systems.

3 Conclusions

In conclusion, this paper systematically reviews the core
components and control strategies of alkaline water elec-
trolysis hydrogen production systems, with a focus on
the electrolyzer and hydrogen production power supply,
as well as their coupling characteristics. Alkaline electroly-
sis hydrogen production systems, as the most mature elec-
trolysis technology for large-scale green hydrogen
applications, are strongly influenced by multiple factors
such as operating voltage, current density, stack pressure,
feedwater flow, and temperature. Unlike inherently more
responsive technologies like PEM, the central control chal-
lenge for alkaline electrolysis is to overcome its slower
thermal and electrochemical dynamics, making advanced,
predictive control essential for safe and efficient integra-
tion with volatile renewable energy sources. Control
strategies including PID, optimal, predictive, and
learning-based methods have been developed, and fully-
controlled rectifiers are increasingly adopted for their fast
response and flexible regulation capabilities.

Despite these advances, several pressing challenges
remain in current research, for which this paper proposes
the following directions for future development:

e Lack of integrated coordination between electrolyzer and
power supply often leads to isolated responses under
dynamic conditions. This disjointed regulation leads to
mismatched dynamic responses and inefficient energy uti-
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lization under fluctuating operating conditions. To
address this, future research should develop integrated
control frameworks that incorporate the coupled dynam-
ics of electricity and hydrogen production, enabling real-
time optimization across the entire system.

e Traditional control methods struggle to adapt to system
model changes, external disturbances, and parameter
fluctuations under complex, variable conditions, and
lack predictive capability to optimize current control
based on anticipated operating states. As a result, they
fail to provide timely parameter adjustments, reducing
system robustness and limiting responsiveness under
renewable energy fluctuations. This necessitates
research into more advanced and effective control algo-
rithms. From the perspective of electro-hydrogen cou-
pled control, future work should focus on data-driven
predictive control. This involves conducting optimiza-
tion control research based on the data-driven predic-
tion of electrolyzer’s internal state dynamics, with the
ultimate objective of enhancing the compatibility
between power supply and electrolyzer.

e Existing strategies offer limited support for seamless
control mode switching across diverse operating condi-
tions such as steady-state, variable load, and emergency
scenarios. This limits the system’s ability to maintain
stability, safety, and performance under rapidly chang-
ing conditions. Therefore, future control architectures
should incorporate multi-mode switching mechanisms
to ensure smooth transitions and sustained operational
efficiency.

In summary, the advancement of alkaline water elec-
trolysis hydrogen production technology requires inte-
grated, predictive, and adaptive control strategies that
align subsystem behavior under dynamic and uncertain
environments, ensuring safe, efficient, and robust
operation.
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