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Abstract: Hydrogen production can be achieved through several methods, among which alkaline
water electrolysis stands out for its widespread use and ability to produce hydrogen with a purity
of 99.9%. Electrolysis systems must operate within a specific temperature range to ensure safety
and efficiency. While higher temperatures improve system efficiency, they also accelerate the
corrosion of components; conversely, lower temperatures hinder hydrogen production. Therefore,
maintaining the system temperature within the recommended range of 60°C to 80°C is critical.
However, due to the nonlinear nature of these systems, classical PID controllers may not
deliver optimal performance for temperature regulation. This work proposes a Fractional Order
PID (FO-PID) controller as an alternative to the conventional PID controller for managing
electrolyzer temperature. The performance of both controllers is evaluated through simulations,
using metrics such as settling time, integral squared error, and overshoot. Their ability to handle
disturbances is also examined to assess robustness and stability. Results indicate that the FO-
PID controller outperforms the classical PID, offering a more effective solution for temperature
regulation in practical hydrogen generation systems.
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1. INTRODUCTION

The increasing severity of climate change and global
warming is closely linked to the continued reliance on
fossil-based energy sources such as coal, natural gas,
and petroleum (Barbosa et al., 2024; de Andrade et al.,
2020). These non-renewable resources not only emit signif-
icant amounts of greenhouse gases during combustion but
also contribute to large-scale environmental degradation
through extraction processes that disrupt ecosystems and
biodiversity (Emam et al., 2024). In response to these chal-
lenges, the integration of renewable energy technologies—
such as solar, wind, and hydroelectric power—has gained
global momentum as a strategy for reducing carbon emis-
sions and promoting sustainable development. However,
two major technical barriers hinder their widespread adop-
tion: (i) the high cost and limited efficiency of current
energy storage systems, and (ii) the intrinsic intermittency
and variability of renewable energy generation, which
complicates reliable grid integration and demand-supply
balancing (Gowrisankaran et al., 2016). Addressing these
challenges is critical to enabling a large-scale transition to
clean energy systems.

To address the storage and intermittency limitations of re-
newable energy systems, green hydrogen technologies have
emerged as a promising solution. Hydrogen offers a high
energy density and excellent long-term storage potential,
making it an effective buffer for balancing supply-demand
fluctuations (Daoudi and Bounahmidi, 2023). Among the

various production methods, alkaline water electrolysis
(AWE) stands out for its maturity and ability to gener-
ate hydrogen with a purity of up to 99.9% (Daoudi and
Bounahmidi, 2023). This process can be directly integrated
with intermittent renewable sources such as wind and solar
energy (Barbosa et al., 2023), enabling the conversion of
surplus electricity into storable chemical energy (Brauns
and Turek, 2020). Consequently, AWE has gained signifi-
cant attention in recent research as a viable pathway for
clean hydrogen production and grid support.

Effective temperature regulation is essential in alkaline
water electrolysis systems, as it directly impacts hydro-
gen production efficiency, component lifespan, and overall
system stability. In this context, several advanced con-
trol strategies have been explored in the literature. For
instance, Conker (2019) proposed a fuzzy logic controller
aimed at maintaining optimal temperature to protect the
system and enhance hydrogen yield, with successful out-
comes in both simulations and practical tests. To address
system uncertainties, David et al. (2021) developed a ro-
bust H., controller based on a linearized model, incorpo-
rating robustness constraints to handle nonlinearities. Sim-
ilarly, Qi et al. (2023) employed a Model Predictive Control
(MPC) approach, which effectively reduced temperature
oscillations and enabled operation at higher reference tem-
peratures, resulting in a 1% efficiency improvement.

Fractional Order PID controllers can be an alternative for
temperature regulation in electrolyzers, particularly when



dealing with system nonlinearities and dynamic uncer-
tainties. As discussed by Jamil et al. (2022), this control
approach extends the classical PID structure by incorpo-
rating fractional calculus into the proportional, integral,
and derivative terms, resulting in greater tuning flexibility
and more precise dynamic response. The FO-PID has
demonstrated enhanced performance in thermal systems
by improving stability, reducing overshoot, and minimizing
settling time. These features make it a strong candidate
for overcoming the limitations observed in conventional
control strategies applied to hydrogen production systems.

In this context, a temperature control system is developed
to regulate the after-stack temperature of an alkaline water
electrolyzer, which is critical for maintaining optimal hy-
drogen production efficiency. A chiller unit is employed to
extract excess heat, with the valve aperture serving as the
manipulated variable in the control loop. The main contri-
bution of this work is the design and implementation of a
Fractional Order PID (FO-PID) controller, characterized
by the use of a fractional exponent in the Laplace domain
to enhance tuning flexibility and dynamic performance.
The controller is discretized using Muir’s recursive approx-
imation, facilitating its digital implementation. A com-
prehensive performance evaluation is carried out through
simulations to compare the FO-PID controller with its
classical counterpart, highlighting the advantages of the
fractional approach in terms of precision and stability.

The rest of the work is organized as follows. Section
2 outlines and models the alkaline electrolysis system.
Section 3 introduces the classical and FO PID control
algorithms. In Section 4, both controllers are compared,
and finally, Section 5 summarizes the conclusions of the
study.

2. DESCRIPTION OF THE ELECTROLYZER

Figure 1 illustrates the operation of the alkaline electrol-
ysis system, where the stack—comprising multiple cells—
is the core component. Gases and electrolytes flow into
the separators, which extract hydrogen and oxygen, while
excess material is recirculated back to the stack. Due to
the exothermic nature of the reaction, a cooling system
using cold water (indicated by blue lines) is employed, with
flow regulated by a control valve. This thermal regulation
is sensitive to external disturbances, such as variations in
current and ambient temperature (Ruomei et al., 2022).
Maintaining the electrolyzer within an optimal temper-
ature range is essential for both efficiency and safety.
While higher temperatures enhance hydrogen production
efficiency, they also accelerate material degradation; con-
versely, lower temperatures reduce output quality. Thus,
the system typically operates between 60 °C and 80 °C to
balance performance and reliability, with an upper safety
limit around 90 °C (Diéguez et al., 2008; Chi and Yu, 2018).

2.1 Mathematical Model

The thermal dynamics of the alkaline electrolysis system,
as modeled by Ruomei et al. (2022), are governed by the
following state equations:
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Figure 1. Schematic diagram of an AWE (Ruomei et al.,

2022).
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In (1)-(7), Tstack, Tsep, and T denote the temperatures
of the stack, gas-liquid separator, and cooling coil, re-
spectively, while u represents the control input. The term
Qcle corresponds to the thermal power generated by the
electrochemical reactions in the stack. Heat dissipation
from the stack and separator is modeled by Qaisstack
and Qgis,sep, respectively, both of which are essential for
maintaining thermal stability. Finally, AT indicates the
temperature gradient that drives heat transfer across the
system components (Ruomei et al., 2022).

T = [Tstack Tsep TC}Ta (8)

Lo = [chc Qdis,stack Qdis,scp AT]T (9)

On the other hand, fi, f2, and f3 are the plant-related
equations of state.
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As well, (13) - (16) represent the algebraic equations of the
model.
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2.2 Linearization

To enable the design of control strategies, a linear approx-
imation of the nonlinear system described by equations
(1)=(7) is adopted. This is achieved by applying a first-
order Taylor expansion around a steady-state operating
point of the system. The linearized model is expressed in
state-space form as:

&= Ax+ Bu, y=_Cz, (17)
where the matrices A and B are derived as follows:
A=J(f,x), B=J(f,y), C=J(g,z), (18)
D=1J(gy), E=J(gu), A=A-BD'C, (19)
B=—-BD'E, (20)
and J(f,z) denotes the Jacobian matrix, computed as
Ofr .. 9N
oz oxy
J(fox)=1| + . (21)
Ofn .. Ofn
Oz Oxy

The physical parameters employed in equations (8) to (17)
are summarized in Table 1. This electrolyzer is capable of
generating 5 Nm?/h of Hy while consuming 17.7 kW of
electrical power (Ruomei et al., 2022). For the linearization
process, the system is evaluated at steady-state tempera-
tures of 75°C, 60°C, and 50°C for Tytack, Tsep, and T,
respectively. These values represent a thermal equilibrium
condition of the nonlinear model.

Substituting the parameters shown in Table (1) into (10)-
(16) and computing the matrices in (18)-(20) using the
Jacobian matrix defined in (21), the following state space
matrices are obtained:

~7.05 —0.19 0 0
A=]225 —339 045 |, B= 0 ,

2.88 3.21 —22.84 —1854.4 (22)
C=[100].

3. CONTROLLER DESIGN

Figure 2 illustrates the control structure, in which the vari-
ables rq, u, y, and d correspond to the desired temperature

Table 1. Parameter values used for modeling

Parameter Symbol Value
Cell number Neen 26
Stack diameter Pstack 0.61 m
Stack length Lgtack 0.267 m
Stack surface area Agtack 1.1 m?
Electrode volume Vstack,elec 0.03 m3
Free stack volume Vistack, free 0.05 m3
Blackness of the stack surface Estack 0.8
Separator diameter Psep 0.219 m
Separator length Lsep 2 m
Separator liquid level hlsep 50%
Heat transfer coefficient kA 140 W/K
Electrolyte flow rate Vlye 0.4 — 0.6 m3/hr
Thermal resistance Rsep 0.04 K/W
Stack heat capacity Clstack 120 kJ/K
Separator heat capacity Csep 146 kJ/K
Cooling coil heat capacity Ce 23 kJ/K
Electrolyte density Plye 1200 kg/m?
Electrolyte thermal capacity Clye 1000 J/(kg - K)
Ambient temperature Tamb 25 °C
Cooling water inlet Tein 30 °C

reference, control input (valve opening), system output
(Tistack ), and disturbance, respectively. The mathematical
model discussed in the previous section will be considered.
Additionally, a disturbance at the process output will be
incorporated.
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Figure 2. Block diagram of the controller.

Two control algorithms will be presented and analyzed:
the classical PID controller, and the FO-PID. The classi-
cal PID controller will be tuned using an optimal Linear
Quadratic Regulator (LQR)-based methodology, which en-
sures the optimal trade-off between control performance
and effort. This approach minimizes a quadratic cost func-
tion that penalizes both the tracking error and the magni-
tude of the control action, leading to a more balanced and
efficient tuning.

3.1 Classical PID controller

The classical PID control strategy is one of the most widely
adopted techniques in industrial applications due to its
simplicity, robustness, and effectiveness in a wide range of
operating conditions (Palomino et al., 2022). The transfer
function of the PID controller is given by Equation (23),
where K, Kj, and K4 denote the proportional, integral,
and derivative gains, respectively.

Ge(s) = Kp + % + Kgs. (23)
The control signal generated by the PID controller, de-
noted by w(s), is computed based on the system error
e(s), which is defined as the difference between the system
output and the desired reference, i.e., e = y — rq. This
relationship is expressed in Equation (24):

u(s) = Kpe(s) + K%e(s) + Kgse(s). (24)



LQR-based tuning of PID parameters

The use of a Linear Quadratic Regulator (LQR) approach
to tune the gains of a classical PID controller provides an
optimal balance between reference tracking performance
and control effort (Vinodh Kumar and Jerome, 2013). In
this framework, the PID gains are obtained by solving
an optimization problem that minimizes a quadratic cost
function composed of weighted terms for both the system
error and the control signal.

To design the LQR-based PID controller, the process
model is approximated by a third-order linear transfer
function, as described in Equation (22). The closed-loop
design considers a unit step reference, and the reference
input is set to zero (rq = 0) for simplification. Under this
condition, the tracking error becomes e(s) = —y(s), and
the open-loop transfer function relating the error to the
control effort is written as:
y(s) 1665 ~ —e(s)
u(s)  83+4+33.352 +261.7s +547.1  w(s)
To formulate the LQR problem, a state vector x. is defined
based on the error signal and its derivatives/integral,
capturing the dynamic behavior of the control loop:
T
Te = |e % edt ﬁ
dt dt?

(25)

(26)

The state-space representation of the error dynamics can
then be written in the standard form:

Z. = Acxe + Beu (27)

where A. and B, depends on known parameters a, b, c,
and d. Both matrices take the following form:

0 1 0 0 0
0 0 0 1 0
Ae=| o o0 o |° B=1 o
_547.1 —261.7 0 —33.3 1665

The objective of the LQR approach is to determine the
optimal control law that minimizes the following quadratic
cost function:

J = / (2] Qzc +u' Ru) dt, (28)
0

where @ € R** and R € R are symmetric positive-
definite weighting matrices. The elements of () and R are
chosen according to the desired trade-off between control
performance and effort

The optimal state-feedback gain matrix K is computed as:

K=R'B!P, (29)

where P € R**% is the unique positive-definite solution of
the continuous-time Algebraic Riccati Equation (ARE):

AP+ PA. - PB.R'B!P+Q=0. (30)

Once the optimal gain vector K = [k1 ko k3 k4] is ob-
tained, the PID controller gains can be extracted by asso-
ciating each feedback term with the corresponding action:

Ky, =—k, Ki=—ky, Kq=—ks. (31)
3.2 Fractional Order PID

The fractional-order PID (FO-PID) controller extends the
classical PID structure by introducing fractional exponents

in the integral and derivative terms. As shown in equa-
tion (32), the parameter a € (0,1) defines the fractional
order:

K;

Geols) = Kp + =t Kgs®. (32)
Accordingly, the control law in the frequency domain
becomes:

Uo(s) = Kpe(s) + Kis™ “e(s) + Kqs%e(s). (33)
To implement this controller in discrete-time, it is neces-
sary to approximate the fractional operator s®. One effec-
tive method is Muir’s recursive approximation (Vinagre
et al., 2003), which combines the Tustin operator with
recursive polynomial expansions. This yields the approxi-
mation:

[ z “ An(zilva)
AT Ap(z71 —a)’

where T is the sampling period and the polynomials A,
are defined recursively by:

An(zfl,a) = An_l(zfl, @) —epz "An—1(z, @),
A0(2717a) = 13

a

Cp = {g”

For n = 3, this yields the specific rational approximation:
r 23+ az? + %22 + ¢

This expression can be substituted into the FO-PID con-

trol law in equation (33). For notational simplicity, we

(34)

(35)

if n is even,

if n is odd.

(36)

define: N
2
c= (T) , (37)
2
p(z) = 2% —az? + %z - %, (38)
2
q(z) =B ral+ 42 (39)

3 3

Substituting equations (36)—(39) into the FO-PID law
yields the discrete-time control transfer function:

) _ Kopllole) + M Kalel?

p(2)q(2)
The denominator and numerator are 6th order polyno-
mials. Expanding this expression leads and applying the
inverse Z transform, the following recursive equation in
the time domain is obtained:

Ufo(k) = —bQUfO(k — 1) — b3’LLfO(/€ — 2) —r— b7Ufo(/€ — 6)

+are(k) + aze(k — 1) + aze(k —2) + - - - + are(k — 6).
(41)

where a; to a7 and by to by are the coeflicients of the
numerator polynomial and the denominator monic poly-
nomial, respectively.

4. RESULTS

The results obtained from the controller algorithms de-
scribed in the previous section are presented below. Ini-
tially, the performance of both the classical PID and the



FO-PID controllers is analyzed under nominal operating
conditions. A comparative analysis of their responses is
carried out to assess the effectiveness of each control strat-
egy. Furthermore, both controllers are subjected to the
same disturbance input to evaluate their robustness and
disturbance rejection capabilities.

4.1 Comparison of responses
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Figure 3. Classic PID vs FO PID controller.

In order to obtain the simulation results, both controllers
were numerically implemented using MATLAB scripts.
The classical PID controller was programmed based on
the control signal defined in equation (24), with a sampling
time of 0.001 h. The controller gains—K,,, Kj, and Kq—
were applied directly in the control law.

For the FO-PID controller, the control effort was computed
using the discretized formulation given in equation (41).
This formulation introduces two additional tuning param-
eters compared to the classical PID: the sampling time
T and the fractional order «. The same sampling time
(T =0.001 h) was adopted, while the fractional exponent
« was adjusted based on system performance.

The objective of this comparative analysis is to demon-
strate the superior performance of the FO-PID controller
relative to the classical PID, particularly in terms of set-
point tracking and response quality.

To determine the parameters of the classical PID con-
troller, the system model represented by the state-space
matrices in equation (2.2) was used. The gain matrix K
was computed using the LQR method, with the following
weighting matrices:

120 0 0
010 0
Q=10006 0| B=19T
000 19

This tuning procedure yielded the following PID gains:
K, =080, K;=137, Kq=0.18.

In contrast, the parameters of the FO-PID controller were
determined through performance-based tuning. Initially,

the same PID gains were used as a baseline. Then, the
fractional exponent a was varied to assess its impact on
system behavior. Once a suitable value of a was selected, a
fine-tuning process was conducted on the gains to optimize
the response. The final FO-PID parameters were:

K, =015, K;=0.107, Kq=00087, o=0.4.

Figure 3 presents the tracking performance of both con-
trollers for setpoint changes to 50°, 35°, and 65°. The time
is expressed in hours, as commonly used in thermal process
applications.

The measured parameters for settling time, integral of
squared error (ISE), and overshoot are presented in Table
2. The ISE is lower for FO PID controller compared to
the classical PID at references values of 35° and 65°. In
addition, differences are observed in the settling time and
overshoot achieved by each controller. The fractional order
PID controller exhibits a shorter settling time, resulting in
an average time difference of 0.8 hours. Additionally, the
overshoot of the classical PID is higher in all the cases.

Table 2. Performance indices for the PID and
FO-PID controllers without disturbance.

Reference  Overshoot Settling

Controller (°C) (%) time (h) ISE

50 2.02 2.36 293

PID 35 2.85 2.29 49.5
65 3.01 2.61 192.45

50 1.92 1.36 341

FO PID 35 1.25 1.19 48.13
65 1.16 1.31 190.64

4.2 Comparison of responses with disturbance

For the second evaluation, no modifications were made to
the controllers because the gains remained unchanged. The
reference was maintained at 50 °C, and the disturbance was
applied to the system input. The procedure was repeated
using a unit step disturbance with a magnitude of 10 A in
the electrolyzer current defined as

d(t) =10 1(t — 0.5),
where 1(¢) denotes the unit step function.

(42)

The response obtained from these controllers is illustrated
in Figure 4. The disturbance was applied at 0.5 hours.
In both instances, the output was successfully controlled
despite the presence of the disturbance.

The performance parameters measured for each controller
include the time required to stabilize the output and the
generated overshoot. The most significant difference lies in
the time taken for the controller to return to the reference,
in which the FO PID showing an advantage of 0.74 hours.
However, the overshoot for the classical PID is 1.08%,
while the FO PID results in an overshoot of 1.48%.

5. CONCLUSION

In alkaline electrolyzers, specific modeling considerations
must be established based on the intended application
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Figure 4. Classic PID vs FO PID considering disturbance.

of the system. On the other hand, the fractional order
PID controller applied to the system performed better
than the classic PID controller. The settling time, integral
of squared error, and overshoot parameters showed sig-
nificant improvement with the fractional-order controller.
In addition, both controllers succeeded in controlling the
system in the face of a disturbance in the process; however,
the fractional controller had a shorter settling time. The
speed at which the error caused by the disturbance is
corrected is crucial for ensuring the performance and safety
of the electrolyzer. Nevertheless, the order of the Muir
method employed for discretizing the fractional controller
is directly related to the resulting computational cost.
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