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Abstract— Proton Exchange Membrane (PEM) electrolysis is
a highly effective method for generating green hydrogen from
renewable energy sources. However, effective thermal control
is essential for maintaining high efficiency and prolonging
the stack lifespan, especially under variable power conditions.
This paper develops a four-state thermal model of the entire
PEM electrolysis system, including key Balance of Plant (BoP)
components such as heat exchangers and separators, to capture
the system’s primary temperature dynamics. Building on this
model, we propose a two-loop control architecture: a slower PID
loop regulates the inlet temperature, while a faster sliding-mode
loop maintains a target temperature difference between the inlet
and outlet temperatures. We use Particle Swarm Optimization
(PSO) to determine the controller parameters, enabling robust
operation under changing load conditions. Simulation results
demonstrate that the proposed approach not only stabilizes
the overall temperature but also mitigates abrupt disturbances
from renewable energy sources, thereby improving both the
efficiency and durability of the PEM electrolyzer.

PEM electrolysis, thermal management, nonlinear control,
sliding mode, particle swarm optimization

I. INTRODUCTION

Proton Exchange Membrane (PEM) water electrolysis is a
promising method for producing green hydrogen from water
using electricity. Unlike alkaline or solid oxide electrolyzers,
PEM stacks can tolerate rapid load changes and operate at
high current densities, making them especially suited for
coupling with intermittent wind or solar power. Effective
thermal management is critical in PEM electrolysis sys-
tems, as temperature strongly influences both efficiency and
system longevity. To ensure safe and optimal performance,
most PEM electrolyzers are designed to operate between
40-70°C. Within this range, higher temperatures can reduce
the membrane’s ohmic resistance and improve reaction ki-
netics, increasing efficiency. However, elevated temperatures
also accelerate thermal degradation and increase hydrogen
crossover, affecting the stack’s durability [1], [2]. Conse-
quently, precise temperature regulation is essential to maxi-
mize both hydrogen yield and electrolyzer longevity.

Various models have been proposed in the literature to
investigate the thermal behavior of electrolyzers. Ulleberg
introduced a foundational linear lumped model for alkaline
electrolysis [3], which was later adopted in works such
as [4]-[6] to capture changes in the electrolyzer outlet
temperature.
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Stack temperature is governed by three variables: water
flow rate, inlet water temperature, and the electrical current
[7]. Because the current is fixed by the renewable power
sources, only the first two can be adjusted in real time. A
pump modulates the flow rate, carrying heat away as the
water circulates through the electrolyzer and its auxiliaries,
while a heat exchanger sets the desired inlet temperature.

Huang et al. [8] built a thermal model for alkaline elec-
trolysis that regulates post-stack temperature with a propor-
tional—integral (PI) controller. Qi et al. [9] extended the scope
to the entire balance-of-plant, proposing a linearized, three-
state space model and showing that Model Predictive Control
(MPC) outperforms a feed-forward PID scheme. Dang et al.
[10] coupled the electrolyzer to a coolant circuit via a log-
mean-temperature-difference (LMTD) method and validated
a PID controller experimentally. For PEM electrolysis, Keller
et al. [11] combined an adaptive PID controller with feed-
forward action, achieving markedly better disturbance rejec-
tion under variable wind-power profiles than a conventional
PID. Collectively, these studies advance our understanding
of thermal control in electrolyzers. Despite these numer-
ous prior contributions, most works restrict attention to
maintaining a single outlet or stack-average temperature. In
practice, however, the temperature rise across the stack (i.e.,
Tout — Tin) can reach several kelvins under heavy load,
causing localized overheating of terminal cells. Excessive
temperature difference not only accelerates membrane degra-
dation in those hot cells but also increases mechanical stress
and hydrogen crossover, compromising safety and durability.
To the best of our knowledge, no existing controller simul-
taneously regulates both the absolute stack temperature and
the inlet—outlet temperature differential.

In response to these gaps, this paper presents a com-
prehensive model that characterizes temperature dynamics
across major components of a PEM electrolyzer. We for-
mulate a four-state representation of the system’s thermal
behavior and develop a nonlinear control strategy to handle
disturbances arising from renewable energy variability. This
control scheme not only maintains the electrolyzer’s tem-
perature at its setpoint but also actively regulates the inlet-
to-outlet temperature differential, enhancing overall thermal
management. Finally, we employ a Particle Swarm Opti-
mization (PSO) algorithm to tune the controller parameters,



ensuring robust performance across a wide range of operating
conditions.

The remainder of this paper is organized as follows. In
Section II, we introduce the PEM electrolyzer’s principal
components and derive their corresponding temperature mod-
els. Section III presents the design and methodology of the
proposed control strategy. Section IV presents the control
design. Finally, Section V showcases MATLAB/Simulink
simulation results, demonstrating the robustness of our con-
trol approach.

II. TEMPERATURE MODEL OF THE PEM ELECTROLYSIS

In this section, we formulate a model that tracks temper-
ature variations in each component of the PEM electrolysis
system. We focus on the anode side, where water is supplied
and consumed. On this side, the outlet temperature can rise
significantly higher than on the cathode side due to the higher
overvoltage [7]. Figure 1 illustrates the PEM electrolysis
system’s layout and highlights the key hardware required
for safe, efficient operation: two pumps, a heat exchanger, a
separator, and the PEM electrolyzer. The two pumps fulfill
complementary tasks. The first circulates water through the
electrolyzer loop (hot side), whereas the second delivers
cooling water to the heat-exchanger loop (cold side). Precise
control of both pumps is essential for effective temperature
regulation.
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Fig. 1: Schematic of the temperature distribution in the PEM
electrolysis system

The following subsections briefly describe each compo-
nent shown in Fig. 1 and introduce corresponding models
that capture their thermal behavior.

A. PEM electrolysis

As the PEM electrolyzer lies at the heart of our con-
trol objectives, its temperature dynamics demand careful
attention. In this section, we treat the electrolyzer as a
lumped-parameter model whose behavior is governed by
water flow rate, inlet water temperature, and current density.
Additionally, geometric characteristics such as the number
of cells and the total active area significantly influence how
its temperature evolves. To capture these thermal effects, we
account for both the heat generated within the stack and
the heat lost to the surroundings. The resulting temperature

model is summarized as follows:

C’thTout,ele = Qgen - Qloss - C?cool (1)

Tout,eie is the outlet temperature of the electrolyzer, and Cty,
is the total thermal capacitance of the stack. The three terms
on the right are defined as follows:

Qgen is the heat produced by the electrochemical reac-
tions, and can be expressed as follows:

Qgen = ncellI(chell - V;&h) (2)

in which n..; is the number of cells, I is the current
applied, V,¢;; is the voltage applied on one cell, V;; is the
thermodynamic voltage. The applied voltage can be empiri-
cally calculated as a function of current and temperature, as
proposed by Ulleberg et al. [12], by the following expression:
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In which rq, 79, s, S1, S92, t1, t2, and t3 are fitting parameters,
and A is the surface area of the stack.

The term onss denotes the heat lost during electrolysis,
mainly via convection and radiation [13]:

Qloss = Qcon’u =hA (Tout,ele - Tamb) (4)

Here, and T}, is the ambient temperature, h is an effective
heat-transfer coefficient (convection + radiation).

Finally, Qcooz represents the cooling loss that is caused by
the feed water, this can be represented as follows :

- Tin,ele) (5)

mmu,o 1 the water flow that goes through the electrolysis,
cp,H,0 18 the specific heat capacity of water, T}, ¢ is the
temperature inlet of the stack.

Eq. (1) captures the stack’s net heat accumulation, gener-
ated heat from cell overpotentials, lumped heat-losses, and
removal by coolant flow.

Qcool = mHQOCp,HgO (Tout,ele

B. Heat exchanger

Heat exchange is a key part of the PEM electrolyzer’s
BoP. The heat exchanger maintains the desired operating
temperature by heating or cooling the water as it flows
through the system. The heat exchanger has two inlets and
two outlets, forming two independent loops. The first loop
(hot side) is connected to the PEM electrolyzer and its pump;
the second loop (cold side) is driven by another pump and
use to cool the water in the first loop (see Fig. 1). Inside the
heat exchanger, the two loops exchange thermal energy. We
model each side with a lumped thermal capacitance and a
convective heat-transfer term as follows [13]:

ChTimele = mHgOcph (Tsep - Tlin,ele) - UAew (Tiin,ele - Tout,c)
OcTout,c = mHgOcCpc (ﬂn,c - Tout,c) - UAer (Tout,c - Tin,ele)
(6)
in which A., is the heat transfer area, U is the overall
heat transfer coefficient, and 7,0, is the cold water flow.



‘While most of the research in the literature tends to linearize
the heat exchanger model, in this work, we will treat it as a
nonlinear system.

C. Separator

After the stack, a gas-liquid separator removes hydro-
gen/oxygen from the water and returns liquid to the hot
loop. We model the separator as a lumped thermal mass at
temperature T.,. The separator sees inflow at 15, ¢1e (stack
outlet) and outflow to the pump at T,,. We also account for
heat loss from the separator vessel to the ambient. Thus the
separator model can be represented as follows:

T e, 1

Csep dt = mHgOcp,HgO(Tout,ele_Tsep)_E(

Tsep_Tamb)
(M
Csep is the heat capacitance of the separator, T, represent
the temperature in the outlet of the separator, R represent
the separator’s thermal resistance.
In this study, we assume that the mass flows on the hot
and cold sides are proportional to the control inputs yp, Y.
which represent two valves. Specifically:

MH,0 = YhVH,0 ®)

MH,0c = YeVH,0 &)

where vg,o is the nominal pump flow rate. Given that the
pump dynamics occur on a faster timescale than the thermal
processes, we neglect their dynamics.

III. CONTROL-ORIENTED MODEL FOR PEM
ELECTROLYSIS

A control-oriented model collects the physically derived
heat-balance equations into a standard state-space form. This
makes it easier to spot the primary nonlinearities and to
design suitable control laws. In general, a nonlinear state-
space model is written as:

i=f(z, u t). (10)
From the modeling of the electrolysis chain (Section 2),
it is clear that the system features four temperature states:
Tout,elea Tin,6167 Tout,ca Tsepa
and two valve-controlled inputs governing water flow:

« wu1: normalized valve positions of the main (hot) circuit.
e uy: normalized valve positions of the cooling water
flow.

The control-oriented model is summarized by defining the
states and inputs as:

Ty Tout,ele
) Tin,ele Uy Yn

= ’ and = . 11
xs3 Tout,c (Ug) (%) ( )

T4 Tsep

Rearranging the equations derived in Section 2 leads to
the following nonlinear state-space form:

T —Cox1 4 Cs (z1 — x2) ur + D(i),
. T B Cs (x5 — x2) + Cy (x4 — x2) U1,
T s | | ot — )+ Cr (T —a5) s, |
Ty —Cowy+ Cro (21 —24)u1 — Cn1.

(12)
The constants Cy, Cs,...,Cq1 represent lumped coeffi-
cients derived from system parameters, as given by

D(i) = ncezzf(‘geu —Vin) N hACTamb7 C, — 27,47
th h ih
Cs = %,C& = %705 = Uéfm,
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A. Bilinear State-Space Form

To highlight the structure of the model and to facilitate
subsequent control design, the four temperature balances can
be represented in matrix form, resulting in the bilinear state-
space representation

x = (A+u1N1+u2N2)x+Bu+d. (13)
In which,
—C, 0 0 0 Cs —C5 0 0
- o —cs o o0 o —ai0 o
A= 0 Cs —-Cs 0 M=o 0 0 o0
0 0 0 Cy Cio 0 0 —Cyp
00 0 0 0 0 D(i)
00 0 0 0 0 0
M=10 0 —¢, o] BT o | 4T o
00 0 0 0 0 —Cn

Here A gathers the purely linear heat-transfer terms, N,
and N, capture the bilinear couplings with the hot and cold
inputs, B contains the direct (non-bilinear) input path. d is
a constant/disturbance vector ( heat from overvoltage and
ambient losses).

Comment on Nonlinearities

Because each valve input u; multiplies temperature dif-
ferences (e.g., (z1 — x2)uy or (Tin,c — T3)usz), the system
is bilinear. Moreover, D (i) in ¢ acts as a time-varying dis-
turbance arising from stack current and ambient conditions.
These bilinear couplings and disturbances motivate the use of
robust or sliding-mode control to maintain tight temperature
regulation under variable operating conditions.

Overall, this bilinear model enables the design of control
laws that adjust w; and wue to regulate both inlet and
outlet temperatures, even in the presence of time-varying
disturbances.



IV. CONTROL DESIGN

Because valve inputs wu; and wo each affect both
stack inlet and outlet temperatures, attempting to regulate
{Tinetes Toutete} with two independent loops leads to
"loop-fighting’: any adjustment to fix T}, ¢1e disturbs Ty cre,
and vice versa. Instead, we adopt a robust two-loop control
strategy to ensure both stable operation and fast disturbance
rejection. This approach decouples the regulation problem
into two distinct loops, one for the inlet temperature con-
trol and another for the outlet-inlet temperature difference
control. We define new outputs

z21 = Tin,ele7 zZ = Tout,ele - T’in,ele = AT.

In these coordinates, the system acquires a cascade-like
(lower-triangular) form:

21 = f1(z1, ur, u2),  Z2 = fa(z1, 22, i, u2).

Now, Loop 1 needs only to regulate z; (stack inlet tempera-
ture) without knowing z. Loop 2 regulates zo using z; as a
known feedforward. This two-loop structure prevents control
conflicts and enables each loop to be tuned independently.
Fig. 2 illustrates the schematic of the two-loop thermal
control strategy. This approach is motivated by the need to
address both slow and fast dynamics within the system:
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Fig. 2: Schematic of the two-loop thermal control strategy
for the PEM electrolysis system

A. Loop 1: Inlet Temperature Control (Slower Loop)

The first control loop is responsible for regulating the inlet
temperature Tj, o to its desired set point. This regulation
is achieved by manipulating the flow rate through the first
pump, which supplies water to the heat exchanger and chiller.
Given that changes in T}, ¢ occur gradually, a conventional
PID controller is employed. This controller is tuned to
provide stable tracking and to prevent large drifts in the
overall system temperature.

The PID control law is then given by

el(t) :Tref - T;'n,ele(t)v
¢ d
uprp(t) = Kpei(t) + K,-/ er(r)dr + Ky %el(t).
0

where K,,, K;, and K are the proportional, integral, and
derivative gains, respectively.

B. Loop 2: Temperature Difference Control (Faster Loop)

Once the inlet temperature is adequately controlled, the
focus shifts to maintaining a precise temperature difference
between the outlet and the inlet. The control objective for
this loop is to ensure:

AT = Tout,ele - T'in,ele = ATTefv

where AT7¢/ is the desired temperature gradient. A ro-
bust sliding-mode controller is implemented to handle the
fast dynamics and mitigate the impact of uncertainties.
Specifically, the super-twisting algorithm STA is employed
[14]. This approach enhances robustness by ensuring finite-
time convergence and reducing the sensitivity to parameter
variations and external disturbances. In addition, a first-order
low-pass filter is integrated into the control loop to suppress
chattering, improving the smoothness and reliability of the
control action. In this case, the sliding surface is represented
by the error and its derivative. Using a STA controller, the
control input is given by

t
u(t) = —ki |s|*/? sgn(s) — k‘g/ sgn(s) dr,
0

where k1 > 0 and k2 > 0 are the controller gains. To reduce
chattering, a first-order low-pass filter is applied to w(t):

Trap(t) + up(t) = u(t),

so that the final control signal applied to the plant is wu/(¢).
This control law ensures that the error s converges to zero
in finite time, even in the presence of disturbances and
uncertainties.

C. Controller Parameter Tuning

Achieving robust performance across both control loops
necessitates precise tuning of the controller parameters. In
this work, PSO is utilized. PSO is selected for its ease
of implementation and effectiveness in navigating high-
dimensional parameter spaces. By systematically exploring
the parameter space, PSO converges on a set of controller
parameters that balance tracking accuracy with control ef-
fort, ensuring that the system can handle varying operating
conditions while maintaining robust thermal regulation.

V. SIMULATION AND RESULTS

In this section, we present simulation results that demon-
strate the effectiveness of the proposed two-loop thermal
control strategy. All simulations were performed in MAT-
LAB/Simulink using the nonlinear, four-state thermal model
of the PEM electrolysis system described in Section IV. A
random current input, shown in Fig. 3, emulates fluctuations
in a renewable power source to test the robustness of the
control strategy under real-world conditions. The simulation
is run for 4000 seconds, starting from an initial input stack
temperature of 318 K.
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Fig. 3: Current input profile applied to the PEM electrolysis
system

The primary control objective at this stage is to regulate
the inlet temperature of the electrolysis process, a task
managed primarily by the heat exchanger circuit. Fig. 4(a)
illustrates how the inlet temperature (blue line) evolves over
time in comparison to the reference (orange line). Initially,
the reference is set to 315 K, and at t=2000 s, it increases to
320 K. The results indicate that the inlet temperature closely
tracks the desired setpoint throughout the simulation, exhibit-
ing minimal overshoot and a short settling time of about 8
min. Notably, the controller handles the step change at 2000
s smoothly, demonstrating strong disturbance rejection and
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adaptability to changing thermal demands. These findings
confirm that the outer-loop PID controller can maintain an
accurate inlet temperature under varying conditions, thereby
establishing a stable thermal foundation for the electrolysis
system.

Fig. 4(c) illustrates the PID control signal that manipulates
the cooling water flow to maintain the desired inlet temper-
ature. Although small fluctuations appear (mostly caused by
the hot controller u;), these variations do not prevent the
inlet temperature from converging to its setpoint, indicating
effective coordination between the two loops. Moreover, the
negligible steady-state error at both reference levels and
the smooth transient response confirm that the PID loop is
adequately tuned.

The control system’s second objective is to maintain a
specified temperature differential of 5 K between the elec-
trolyzer’s inlet and outlet. This target ensures a more uniform
temperature distribution along the anode channel, since large
gradients would indicate significantly higher reaction rates
near the outlet compared to the inlet—potentially leading to
uneven membrane utilization and accelerated wear at high
current densities. To evaluate the effectiveness of the STA
controller, its performance was compared against a well-
tuned PID.

Figure 4(b) illustrate the temperature-difference tracking
for both the STA and a conventional PID controller acting
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4.99

600 800 1000

PID
- -=-.SMC
N

2000 2500 3000 3500 4000
Time (s)

2 L 1 1 1
0 500 1000 1500

(d) SMC actuator signal

o
o

uy (hot-side valve)

1
o
S}
T
I

o
N
T

03 1 1 1 L
0 500 1000 1500 2000

Time (s)

1 1 L
2500 3000 3500 4000

Fig. 4: Simulation results of the proposed two-loop control strategy under a random current disturbance: a)lnlet temperature
tracking, , b)Temperature difference tracking, (c) PID control signal for the slower loop, and(d) Sliding-mode control signal

for the faster loop.



directly on AT. Under the same random current profile, the
PID loop exhibits a noticeable overshoot (peaking near 6.8
K) and slightly rings around the 5 K setpoint in response
to the disturbance. By contrast, the STA controller drives
AT to 5 K with almost no overshoot and negligible oscil-
lation. In both cases, variations in the inlet temperature and
current profile, disturb AT, however, the sliding-mode law
rejects those disturbances in finite time and maintain robust
performance. For mild or slowly varying load changes, the
PID controller alone can already keep AT within acceptable
bounds..

Fig. 4(d) shows the control input associated with the fast
loop, which is responsible for temperature-difference control.
Its profile reveals how the system adjusts cooling capacity in
real-time to compensate for both the random load current and
any inlet-temperature variations. The sliding-mode algorithm
maintains a stable output, with minimal chattering due to
the implemented first-order filtering. Overall, this confirms
that the second loop robustly cancels disturbances introduced
by shifts in the inlet temperature and load current, allowing
the temperature difference to remain within tight bounds
and ensure stable temperature distribution through the anode
channel.

Overall, the simulations confirm that splitting thermal
control into two loops, one for the slower inlet-temperature
dynamics and one for the faster temperature-difference regu-
lation, yields robust, stable performance. The PID loop han-
dles gradual disturbances and set-point changes in the inlet
temperature, while the super-twisting sliding-mode controller
quickly compensates for fluctuations in stack heat generation
to maintain a nearly constant temperature gradient. This
decoupling ensures both the overall operating temperature
and the local temperature distribution across the stack re-
main within desirable limits, which can improve electrolysis
efficiency and extend stack life.

VI. CONCLUSION

This study presented a comprehensive bilinear model for
PEM electrolysis, incorporating both the electrolyzer stack
and critical BoP elements to accurately represent temperature
variations throughout the system. Guided by this model,
we implemented a two-loop control strategy that separately
addresses slow and fast thermal dynamics. A PID controller
was used to stabilize the inlet temperature, while a sliding-
mode algorithm governed the outlet—inlet temperature dif-
ference. Through Particle Swarm Optimization (PSO), we
efficiently determined the control gains, striking a balance
between robust disturbance rejection and minimal control
effort.

Simulation results under a random current profile showed
that the PID loop successfully maintained a stable inlet
temperature with minimal overshoot, while the sliding-mode
controller drove the temperature difference to its setpoint
with negligible oscillation—even in the presence of inlet-
temperature disturbances. A direct comparison with a PID
acting on the temperature difference demonstrated the supe-
rior disturbance-rejection and finite-time convergence of the

super-twisting law. Overall, the decoupled two-loop design
preserves both global stack temperature and local thermal
uniformity, thereby improving electrolysis efficiency and
mitigating degradation in the end cells.

Moving forward, the proposed model and two-loop control
strategy will be validated through experimental testing on a
physical PEM electrolyzer setup. The experimental valida-
tion will further refine the control gains and pave the way for
practical implementation in industrial-scale PEM electrolysis
systems.
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