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ABSTRACT

The integration of clean energy sources into standalone power systems requires the selection of
appropriate renewable resources based on the local weather conditions, geographic location, and
installation costs. Photovoltaic (PV) panels and hydrogen-based systems, particularly those using Solid
Oxide Fuel Cells (SOFCs), are often used in a complementary manner. The efficient operation of such
hybrid systems necessitates an intelligent energy management capable of optimizing the power flow to the
electrical loads and of storing the surplus energy. To achieve a high power quality and reduce the overall
system costs, a suitable system architecture and advanced control strategies are essential. In this context,
an intelligent supervisory control based on Multi-Input Multi-Output Fuzzy Logic Control (MIMO-FLC)
is proposed. This controller addresses key challenges, such as enhancing the energy efficiency, ensuring a
smooth production-consumption balance, and maintaining the service continuity and reliability. The
proposed MIMO-FLC effectively manages the hybrid energy system by adapting to the changing weather
conditions and load demands. The system was modeled and simulated using MATLAB/Simulink. The
simulation results demonstrate that the fuzzy logic-based control significantly improves the system
performance, ensuring high power quality and efficient energy usage. The controller successfully directs
energy either to the load or to the battery storage without power loss or interruptions. This study
emphasizes the simulation process and analyzes the evolution of key parameters—such as power, voltage,
pressure, and current density—over time to estimate the electrical energy required for a 1 MW output
load.

Keywords-hybrid energy system management; Solid Oxide Fuel Cell (SOFC); PV; energy storage; grid on/off;
MIMO-FLC

I.  INTRODUCTION

In the pursuit of climate stabilization and global warming
reduction, renewable energy will play a vital role.
Advancements in technology are expected to lower the costs of
clean energy generation while reducing the noise emissions and
maintenance requirements. In line with this vision, the Algerian
government has initiated sustainable investments by installing

large-scale PV farms and hydrogen power plants in the
southern regions of the country. The primary goal is to
empower isolated villages to produce their own electricity
without relying on an interconnected national grid [1, 2].

A hybrid energy system combining solar PV panels and
hydrogen-based SOFC is particularly promising. However,
both energy sources are inherently intermittent and fluctuate
with the weather conditions. Therefore, integrating PV and
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hydrogen systems is essential to ensure a continuous and stable
power supply, regardless of the load variation or environmental
changes [1-3].

To balance generation and consumption and to meet the
growing energy demands, utility companies are adopting
standalone renewable energy systems. These systems often
face challenges, such as frequency instability and voltage sags,
caused by mismatches between the power generation and load
demand, which complicates their management [4, 5].
Additionally, the use of power electronic devices introduces
harmonics into the system, requiring advanced management
strategies to maintain the power quality.

To address these challenges, various multi-source system
architectures have been developed, incorporating intelligent
control techniques, such as Fuzzy Logic Control (FLC). These
methods are well-suited to standalone applications and offer
robust performance [6]. Mathematical modeling enables the
simulation and control of different energy sources. For
nonlinear systems, FLC is particularly effective in regulating
the PV output, frequency stability, battery current, and overall
system voltage [7, 8].

Moreover, the Maximum Power Point Tracking (MPPT)
methods are critical for optimizing efficiency. However,
traditional MPPT techniques face limitations due to the
unpredictable nature of the climatic variables and the
degradation of PV panels over time, which affects proportional
constants. As a result, intelligent MPPT algorithms are used to
improve performance, even under variable environmental
conditions.

In this work, the proposed hybrid system—comprising PV,
SOFC, and battery storage—was modeled and simulated using
MATLAB/Simulink, specifically designed for isolated sites.
This integrated approach provides a viable solution for
generating clean, reliable energy while contributing to the
reduction of the greenhouse gas emissions [9]. Such hybrid
systems offer the potential for decentralized and sustainable
power generation, making them suitable for various
applications, from residential and commercial buildings to
microgrids and off-grid communities. They not only contribute
to reducing the carbon emissions, but also enhance energy
security, increase resilience, and foster energy independence.
However, both SOFCs and solar panels have intermittent
power generation characteristics as they rely on external
factors, such as fuel availability or sunlight. At this point, the
storage battery plays a crucial role by functioning as an energy
reservoir, capturing and storing excess electricity during
periods of high generation and releasing it during times of high
demand or when the solar and fuel cell output is low.

Against this background, the present study aims to
numerically investigate, using MATLAB-Simulink, a
comprehensive hybrid energy system composed of the
following components:

e SOFC

e PV system

e Storage system consisted of a Nickel-Metal Hydride
(NiMH) battery

The study contains a hybrid system with a
SOFC/PV/battery storage managed by an intelligent power
manager based on FLC. There are two important aspects of this
study, first, the global system architecture is defined for the
development of a multi-source system that integrates various
renewable energy sources. Second, an intelligent power
management strategy is detailed using a MIMI-FLC controller.
Based on the weather conditions, this system determines
multiple operating modes, allowing the power contribution of
each energy source to be identified.

II. HYBRID ENERGY SYSTEM ARCHITECTURE

The architecture system is configured by a DC bus. The
power management control of the hybrid system uses FLC to
satisfy the load and ensure the continuity and the power supply
efficiency, this strategy maintains the state of the charge battery
bank, in this way the life time of the battery is extended. Figure
1 presents the global architecture of the hybrid energy system.
The hybrid system and storage system are created to assure the
power supply of a stand-alone site. The resources chosen have
a complementary characteristic; the production of hydrogen
energy is stable during the daylight hours, while the production
of PV energy follows the fluctuations during the day in the
form of climate changes, such as clouds blocking the sun, and
stops at night due to the lack of radiation [10].

)
()
gTj‘
)
Pud |
B o
= = -
Fig. 1. Architecture of the proposed energy system: O: Exogenous inputs,

H: Hydrogen inputs, T: Absolute temperature, G: PV generator, DC: Direct
Current; AC: Alternative Current.

The hybrid energy system and storage system are created to
assure a load power with 1 MW. The system consists of a
SOFC, a PV system, and a storage battery. It includes three
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main power elements: a 1 MW load, hybrid power generation
from the SOFC and PV system, and an NiMH battery serving
as the energy storage unit

Each one of them is pair-connected to a boost converter,
which raises the current capacity to a higher level while
maintaining a continuous current. However, before reaching
the load, the system includes a transducer that converts the
current from DC to AC. The SOFC and PV system
complement each other, as the PV system does not work at
night. SOFCs, therefore, replace them and by adding their
voltages together, the required voltage at the load power is
reached. An NiMH battery is used to store the excess electrical
energy generated by the system. This load power is described
by:

Py = Psopc + Pry £ Ppase (1)

where P; is the load power (load demand), Psorc is the SOFC
power, Ppy: is the PV system power, and Pp,, is the storge
battery power.

There are two operating modes: Pg,; > 0 when the battery is
charged, and Pj,,; < 0 when the battery is discharged.

III. MODELING OF THE HYBRID ENERGY SYSTEM
PARTS

The hydrogen OSFC and PV hybrid system are made up of
many components that interact with each other in various ways
using power electronic converters, but within the constraints set
by the numerous strategies employed to govern the system as a
whole and manage it to ensure an adequate power flow for the
consumer. This section presents a master model of the SOFC
and PV panel, as well as to investigate the properties and
mechanism of action of these models.

A. Modeling of Solid Oxide Fuel Cell

A dynamic model of a SOFC stack based on the water flow
(PH20), hydrogen flow (PH2), and oxygen flow (PO2) is
shown by [3, 11]:

e = —ﬁPHZ E— ——(aino —2K,1) @
d% = i Hy i — 2K, 1;) 3)
T = = Po, + i (ab — 2K,1) @
o (8 + 5 [ 2]) ®

Figure 2 depicts current and voltage relation given by the
SOFC stack dynamic model.

B. Modeling of Photovoltaic

The operation of the PV module is represented using the
Shockley’s "standard" one-diode model, which is generalized
to a single PV cell by considering it as a set of identical cells
connected in series or parallel [10, 12]. The cell’s current is

given by:
p (Lt _ )] ©
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Current and voltage relation on SOFC stack dynamic model.

Fig. 2.

These two resistances are related to the electrode
elaboration technology. RS should be minimized so that Ry, is
very large, the photo current [, changes with irradiance and is
computed in proportion to the values supplied at reference
conditions:

@
Iph = $ef [Iphref + .uISC(T - Tref)] @)
where uy,. is the temperature coefficient of the photocurrent (or
short circuit current), which is frequently provided by the
manufacturer. It is normally positive but very low. The diode’s
saturation current is assumed to vary with temperature using
[12, 13]:

RS o RS

@ and P, are the external conditions for which the basic
data used to create the model (voltage V.., current I,,)
maximum are defined. These are either the manufacturer’s
specifications, which are always given at standard test
conditions [12-15].

C. Modeling of Storage Battery

The NiMH model contains two phases, the charging phase
and the discharging phase [16]. The discharge model created
when i* > 0 is given by:

_ Q
ECharge_EO_K'Q_it'l - .Q—it.
_1 (Exp(s) .
Laplace (—Sel(s) O) )]
and the charge model created when (i*< 0) is given by:
_ Q
Episcnarge = Eo = K - o " = K ﬂ it +
—1 (E 1
Laplace™ (%((Ss))-;) (10)

In the battery model, Ej,, represents the nonlinear voltage
(V), Ey is the constant voltage component, E,,,, denotes the
exponential zone dynamics (V), S, indicates the battery
operating mode: (S, = O during battery discharge, S, = 1
during battery charging), K refers to the polarization constant
(Ah-1) or polarization resistance (Ohms), i* represents the low-
frequency current dynamics (A), i is the battery current (A), it is
the extracted capacity (Ah), Q is the maximum battery capacity
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(Ah), A is the exponential voltage (V), and B is the exponential
capacity (Ah-1) [16].

The parameters of the equivalent circuit, as illustrated in
Figure 3, can be adjusted to model different battery types,
depending on their discharge characteristics. A typical battery
discharge curve consists of three distinct regions, as shown in
Figure 3.

First order
Low-pass filter

| 0 (Discharge)
.\0 Internal Resistance

it i)
‘ 1 (Charge)
| Emp(s) _ A —O +
Sel(s) 1/(Bi(®)).s+1
i Joane
‘ lEx.n
Controlled
oltage source
Echarge and Emrhuge L Vo
O -

Fig. 3. Equivalent circuit of NiMH battery.

D. DC-DC Converter Modeling

The modeling of this converter includes the analysis of the
various operation sequences that will be assumed to have a
fixed switching period. Two operating sequences are
distinguished according to the status of the Insulated-Gate
Bipolar Transistor (IGBT), denoted as S. Differential equations
can represent these states as [17]:

When S is closed:
L difc = vy,

dt 11
C dvge _ I ( )
eq g4+ Laz Laz

When S is open:
difc
L at - Yre ~ Vdc

dvge _ . . .
Ceq at lfc —laz — laz

12)

The systems of (11) and (12) can be represented by a single
system of equations by assuming # = 0 when the transistor is
open, and u =1 when the transistor is closed, as demonstrated
in:

di
L dic = v — (1 = wvy, 1)
d . r .
Ceq % = lfc(l - u) —laz —laz

The instantaneous model of the boost converter exhibits
nonlinear behavior due to the interaction between the control
signal u and the state variables v, and ir. This nonlinearity
arises from the multiplicative terms involving these variables.

To simplify the analysis and facilitate the control design, an
average model of the converter is derived by replacing the
instantaneous control signal u with its average value over one
switching period:

1

T, = I (14)
L=y —(1-D)
dt 1ch Vac (15)
d , o
Ceq Z‘:C =ipe(1=D) —igy — gz

with D being the duty cycle [17].

The DC-DC converter converts the power from the
SOFC/PV to a regulated and controlled DC output at the
desired voltage magnitude. In Figure 4, which displays the
boost converter power circuit, the DC input voltage is
connected in series with an inductor L, which works as a
current source. In parallel with the current source, a switch §
turns ON and OFF periodically, supplying energy from the
inductor and the source to increase the average output voltage
[17].

I'J: iy I'J: A il) D ) "‘
<« < <<+ <
/| :V\
iy ) AL
C, A
. = Rl
C v 4 !

Fig. 4. DC-DC Boost converter.

IV.  MANAGEMENT STRATEGY USING MIMO-FLC

The objective of the energy management strategy is to
continuously meet the load demand under varying weather
conditions while ensuring that the system operates under
optimal conditions. The control strategy is designed to manage
the power flow by either supplying energy to the load or
storing the excess energy in the battery [18, 19].

Table I presents the fuzzy controller rule base, where the
linguistic variables used are: Negative Large (NL), Negative
Medium (NM), Negative Small (NS), Zero (Z), Positive Small
(PS), Positive Medium (PM), and Positive Large (PL). The
static DC-DC converter is used to regulate the battery voltage
and to limit the current to a maximum value defined during the
charge-discharge cycles [20, 21]. During the load phase, the
difference between the actual battery voltage and the reference
voltage is used to generate the battery’s reference current.

The energy stored in the battery is calculated using:
®  Pg. > 0: When the battery is charged,
e  Pp.: < 0: When the battery is discharged.
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TABLE L. RULE BASE FOR THE FUZZY LOGIC
CONTROLLER
E/De NL NM NS Z PS PM PL
NL PL PL PL PL V4 Z V4
NM PL PL PL PM PS Z Z
NS PL PM PS PS PS Z V4
Z PL PM PS Z NS NM NL
PS Z Z NM NS NS NM NL
PM Y4 Y4 NS NM NL NL NL
PL Z Z NM NL NL NL NL
NL NM NS Z ps PM PL
1
05
0 1
R 08 06 04 £02 o0 02 04 06 08 1
Fig.5. Membership Functions of E, DE, and DU.

The controller contains two inputs (E and DE) and six
outputs. The current membership functions are defined in
Figure 5. The relationship between the inputs and outputs can
be understood using the surface waveform. Figure 6 shows the
surface waveform of the proposed MIMO-FLC.

Fig. 6. Surface waveforms of proposed MIMO-FLC.

V. SIMULATION RESULT AND DISCUSSION

Simulation and mathematical modeling are essential tools
for developing various power generation devices, and they
become even more critical in the context of hybrid systems.
This increased importance emerges from the inherent
complexity of components, such as SOFC and PV cells. The
complexity arises because electrochemical reactions in both
SOFC and PV modules are tightly coupled, while the electrical
conduction, ionic conduction, and heat transfer processes occur
simultaneously within the SOFC. Therefore, a comprehensive
analysis of such hybrid systems demands a multidisciplinary
approach.

Simulating these hybrid systems improves the accuracy of
the result interpolation and extrapolation, providing valuable
insights for the system design and optimization. Numerous

simulation studies have been performed using different
software tools to model these systems effectively.

This study focuses on simulating the hybrid energy system
using MATLAB/Simulink. The primary goal of the simulation
is to estimate the electrical energy required to generate an
output voltage corresponding to a 1 MW load, while tracking
the temporal evolution of the power, voltage, pressures, and
current density. Using the component models previously
described, a test-bed simulation of the proposed hybrid energy
system was developed in MATLAB/Simulink. The simulation
results demonstrate the system’s performance.

A. Power Consumption

Figure 7 portrays the irradiation power during the charge
and the discharge scenarios. In both scenarios, the irradiation
power will increase and then decreases (the start-up of the
system) until it is fixed at 967.9 W, which is the approximate
value of the 1000 W given in this study.

1200 T r . r .
1000 - ---------- T — bossrossosss L —— T P .
< : :
E 800 f-rrmmmmmmmmdermme e :
3 : Charge scenario
5 Discharge scenario
B 600 |--e-mneeen  S—— A R SR O S -
‘C H
g :
§ 400 |-mmmmmm e e e e .
200 p----mmmmen- \ ------------ o Armmm e S nnEtr SEEEEEEEE -
o i i i i i
0 05 1 15 2 25 3

Time [s]

Fig. 7. Solar irradiations.

Figure 8 presents the evolution of the hybrid system powers
in the charge scenario as a function of time. At first, the AC
system demands a considerable power where it produces
1.533x10° W, 1.082x10° W, 4.577x10* W, 1.039x10* W. Then
decreases again and is stabilized at 9.998x10° W, 9.643x10’
W, 6.731x10* W, -2.009x10* W. These results validate (1), as
P, = Psorc + Ppy — Ppare= 9.643x10°+6.731x10*—2.009x10*
= 1.001x10°~ 9.998x10° W. Figure 9 illustrates the evolution
of the hybrid system powers in the discharge scenario.

The load power maintains the same values, while the value
of the SOFC decreases to 6.774x10° W. The PV decreases
from 954.1x10° W to —1.431x10°> W and then increases to
2.963 x10° W at 0.2144 s. The value of the battery rises to
3.322x10* W. It is observed that this value is positive,
indicating that the system is operating in a discharge scenario.
These results also validate (1), as — 6.774x10°+2.963x10° —
+3.322x10" =1.007x10°~ 9.998x10° W.
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Fig. 8. Evolution of the hybrid system powers in the charge scenario.
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Fig. 9. Evolution of the hybrid system powers in the discharge scenario.

B. Balanced Voltages for Charge and Discharge

Figures 10 (a) and 10 (b) show the Nernst voltage for the
charge and the discharge scenario, respectively.

In both the charging and discharging, Nernst voltage
increases from 2.228 V, 1.114 V to 2.257 V, 1.125V. Then it
decreases again to 2.22 V at 0.228 s, 1.111 V at 0.152 s, and
after that it increases again to 2.234 V, 1.118 V. This proves
the validity of the proposed system, as the Nernst voltage
values do not exceed 2.83 V. The voltage values during
discharging are lower, because the battery works to assist the
fuel cell.

Figures 11 (a) and 11 (b) present the different voltages in
the charging and the discharging scenarios, respectively. In the
charging scenario, the load power, SOFC (input and output),
and PV increase from 0.075 V, -84.54 V, -72.15 V, 109.8 V to
7257 V, 330.8 V, 725.7 V, 5285 V (the start-up of the

system). Then it starts decreasing and stabilizes at 651.8 V at
0.188 s, 344.8 V at 0.237 s, 651.8 V at 0.188 s, and 428.1 V at
0.229 s, as a steady state of the system. In the discharging
scenario, the same behavior is noted.

2.26 T T T T T
2.255
2.25

2245

N
[N
&

2235

Nerrst voltage [V]

N
N
w

2225

2.22---

2215
0

1.124

1.122

1.12

1.118

1.116

Nernst voltage [V]

1.114

1.112

1.1
0

Time [s]
(b)

Nernst Voltage: (a) in the charge scenario, (b) in the discharge

Fig. 10.
scenario.

Figures 12 and 13 illustrate the supply voltage of the bus
for the charging and the discharging scenarios respectively,
where the supply voltage consists of the three levels that our
load power needs. It has a lower value in less time, which
results in better sinusoidal.

C. Balanced Currents for Charge and Discharge Time

Figure 15 shows SOFC currents in the charge and the
discharge scenario. In charge simulation scenario, the SOFC
current decreases from 5091 A to -227.9 A for the start-up of
the system, and then increases to a value of 165.3 A at 0.1844 s
at which it is stabilized. The SOFC current in discharge
simulation scenario takes the same path, but with greater
values.
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Fig. 12.  Bus supply voltages to grid in the charging scenario.

Figure 16 shows the PV currents in the charging and
discharging scenarios. In the charging simulation scenario, the
PV current decreases from 320 A to 293.8 A for the start-up of
the system, and then increases to 296.8 A at 0.208 s, where it is
stabilized. The PV current in the discharging simulation
scenario takes the same path, but with greater values.

Figure 17 illustrates the supply current of the bus for the
charging scenario. The supply current consists of three-level
that load power needs. It reaches a lower value at a shorter
time, and it is observed that the current exhibits a sinusoidal
behavior, indicating that the load is supplied with an alternating
current.
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D. The Partial Pressures

Figures 18 and 19 present the partial pressure and the molar
flow of hydrogen in the charging and discharging scenarios,
respectively. The charging scenario begins with a decrease in
the partial pressure from 0.0502 atm to 0.0493 atm, then it rises
until it reaches 0.0511 atm, and then it decreases again until
reaching the value of 0.0509 atm at the end of the simulation.
For the discharging scenario, the partial pressure takes the same
pattern, but with lower values, because the battery helps the
SOFC and the PV systems to ensure the necessary power. The
results confirm the exponential aspect of the SOFC
mathematical model. The molar flow follows the same
exponential path, but in a decreasing form.
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Fig. 19. The molar flow of hydrogen in the charging and discharging
scenarios.
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Fig. 20.  Partial pressure of water in the charging and discharging scenarios.

Figure 20 shows the partial pressure of the water in the
charging and discharging scenarios. It is observed that during
charging, the partial pressure starts to increase from 0.867 atm
to 0.868 atm and then decreases again until it reaches a final
value of 0.866 atm. For the discharging process, the pressure
behaves the same way but with lower values, and this is
because the battery assists the fuel cell during this stage.
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Figure 21 shows the partial pressure of oxygen in the
discharging scenario. In the beginning of the discharge, the
latter decreases from 0.0509 atm until it reaches a minimum
value of 0.0493 atm, then it starts increasing again to reach a
maximum value of 0.0520 atm. This corresponds to the start-up
of the system. Then the partial pressure of oxygen decreases
until it reaches 0.0496 atm at 3 s.
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Fig. 21.  Partial pressure of oxygen in the discharging scenario.
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Fig.22.  Battery voltage during the charging and discharging scenarios.

E. Battery Parameters

Figure 22 displays the battery voltage for both the charge
charging and discharging scenarios. The charging scenario
begins with an increase in the voltage from 324.4 V t0 325.3 V,
which is the start-up of the system. Then it decreases until it
reaches 324.7 V, and then rises again until it reaches 326.6 V
and stabilizes. For the discharging scenario, the battery voltage
follows the same pattern, but with lower values. The results
confirm the exponential aspect of the battery mathematical
model.

Figures 23 and 24 show the battery current during the
charging and discharging scenarios, respectively. During
charging, the battery current decreases from -0.001 A to -52.69
A, and then increases until it reaches 100.7 A at 0.204 s
(system start up). It is maintained at this value until the end of

the charge. In the discharging scenario, the battery current rises
from -0.001 A to 26.68 A, then decreases until it reaches -99.96
A at 0.241 s, and is maintained at this value until the end of the
simulation.
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Fig.23.  Battery current during the charging and discharging scenarios.

Figures 24 and 25 present the battery state of charge in the
charging and discharging scenarios, respectively. During the
charging period, the battery state of charge increases from 70%
to 70.012%; and during the discharging period, it inversely
decreases from -70% to -70.012%.

Figure 25 depicts the impact of the battery's current density
variations on the changes in its voltage over time. The battery
current follows the same path: it decreases from 349.3 A until it
reaches the 275.1 A. However, it takes different periods, as the
voltage becomes greater, the current takes a shorter time to
reach the value of 257.1 A (32.5 A at21.46 h, 13 A at 53.66 h,
6.5 A at 107.3 h).
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Fig.24.  Battery state of charge during the charging scenario.
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Fig.25.  Battery state of charge during the discharging scenario.
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Fig. 26.  Impact of the battery's current density variations on the changes in
its voltage over time.

VI. CONCLUSION

This paper presents a hybrid renewable energy system
management approach using an artificial intelligence-based
Multi-Input Multi-Output Fuzzy Logic Control (MIMO-FLC)
combined with storage batteries. The simulation results
demonstrate that the fuzzy logic—based power management
effectively controls the power flow, ensuring a continuous,
efficient, and reliable supply to the load under varying
conditions. Moreover, the controller provides stability to the
overall system operation.

The hybrid Solid Oxide Fuel Cell (SOFC)/ Photovoltaic
(PV) system accurately and rapidly tracks the power demand
without steady-state oscillations. The MIMO-FLC smooths the
battery current, which enhances the battery lifespan and
reduces the settling time. This model shows promise for
applications in various fields, such as rural electrification.

The simulations also offer insights into the impact of the
charging and discharging processes on the hybrid system
consisting of an SOFC, a PV array, and a storage battery. The
results validate the system’s capability to meet the 1 MW load
demand reliably.
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