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In this study, we propose an advanced power control strategy tailored for a
grid-connected photovoltaic-hydrogen hybrid system aimed at ensuring
reliable energy supply to consumers. This hybrid system integrates
photovoltaic (PV) panels as the primary energy source supplemented by
hydrogen fuel production through electrolysis of surplus PV-generated
electricity. To optimize system flexibility and efficiency, we employ several
advanced control techniques. A novel maximum power point tracking
(MPPT) method, enhanced with a proportional-integral (Pl) controller,
surpasses conventional perturb and observe (P&O) techniques to maximize
PV power output. For precise control of the three-phase photovoltaic
inverter, we utilize a space vector pulse width modulation (SVPWM)
algorithm. Synchronization with the utility grid is ensured by a phase-locked
loop (PLL), maintaining phase coherence between the inverter output and
grid supply. The primary goal is to develop a comprehensive and efficient
control strategy for grid-connected hybrid systems, addressing both energy
generation and storage challenges. MATLAB simulations validate the
system's performance, demonstrating high energy conversion efficiency and
robust control across varying conditions. This study underscores the
potential of hybrid PV-hydrogen systems to provide sustainable and resilient
energy solutions for future grid integration.
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1. INTRODUCTION

The global energy supply is heavily dependent on fossil fuels and nuclear resources, which pose

significant environmental threats, including atmospheric pollution, greenhouse gas emissions, and nuclear
fallout. These challenges contribute to climate change, now recognized as a critical global issue impacting
sustainability, human health, and economic stability [1]. Furthermore, the depletion of fossil fuel reserves,
rising energy costs, and the uncertainty surrounding oil and natural gas supplies underscore the urgent need
for alternative, sustainable energy sources [2].

To meet these challenges, renewable energy technologies are increasingly adopted to ensure long-
term energy security. However, one of the major constraints for grid-connected systems relying on renewable
sources is overcoming intermittency to ensure a continuous and reliable power supply [2]. Addressing this
issue requires integrating advanced energy storage technologies into renewable energy systems [3].

Hybrid grid-connected systems present a promising solution by combining renewable energy
generation with effective storage mechanisms to regulate and stabilize energy supply. This research focuses
on the production of solar fuels, specifically solar hydrogen, which chemically stores solar energy. Hydrogen
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is abundant, clean, and, when used in fuel cells (FCs), produces no pollutants, making it an ideal energy
carrier for grid-connected systems [4]. Among various hydrogen production methods, proton exchange
membrane (PEM) electrolyzers stand out due to their compact design, absence of harmful chemicals, and
ability to generate high-purity hydrogen suitable for direct use in FCs [5].

While numerous studies have explored the performance of individual components, such as PEM
electrolyzers, photovoltaic (PV) panels, and FCs, there is a significant gap in the literature when it comes to
integrating these components into a unified grid-connected hybrid system. Research such as [6]-[10] has
primarily focused on evaluating standalone elements, without addressing the complex challenges of control
and integration within a grid-connected framework. Other works have concentrated on the physical behavior
of cells or stacks [11], [12], yet do not fully consider the dynamic interactions between PV systems,
electrolyzers, and FCs required for optimal performance in hybrid systems. Additionally, the role of power
electronics—such as DC/DC converters, three-phase inverters, filters, and transformers—is crucial in
enhancing system efficiency and deserves more attention [13], [14].

Our study bridges key gaps by presenting a comprehensive integration of PV and hydrogen FC
systems in a grid-connected framework. We emphasize holistic design, incorporating advanced maximum
power point tracking (MPPT) for PV optimization, effective PEM electrolyzer management, space vector pulse
width modulation (SVPWM) for precise inverter control, and phase-locked loop (PLL) synchronization for
seamless grid operation. This approach enhances system reliability, energy efficiency, and adaptability, offering
a robust solution for sustainable hybrid energy systems in real-world applications [15].

The primary objectives of this study are as follows: i) Design and integration of a hybrid system
develop a grid-connected hybrid power system that integrates PV panels and hydrogen FC generators;
ii) Optimization of control strategies implement advanced control strategies to optimize the power output
from both the PV panels and the FC generator, ensuring efficient grid synchronization; and iii) Simulation
and validation conduct extensive simulations to evaluate the hybrid system’s performance under various
operating conditions and validate the effectiveness of the proposed control strategies. By addressing these
objectives, this study aims to advance the state of knowledge in hybrid renewable energy systems and
provide solutions for integrating clean energy technologies into grid-connected systems.

The structure of this work is as follows: section 2 presents an overview of the power system and its
components. Section 3 focuses on the comprehensive implementation of the PV/FC hybrid grid-connected
system, covering the control techniques and components utilized. Section 4 details the obtained results, while
section 5 concludes the paper and explores potential avenues for future research.

2. POWER SYSTEM OVERVIEW AND COMPONENTS

This study evaluates the performance of a grid-connected hybrid PV and hydrogen FC system
through simulations. The setup comprises a 5 kW PV array, a 1 kW PEM electrolyzer, and a 1 kW hydrogen
FC, managed by an enhanced perturb and observe (P&O) MPPT control algorithm. MATLAB-Simulink
models the components under varying irradiance and temperature, simulating real-world conditions.
Experimental data, including voltage, current, and power output, are analyzed to assess energy efficiency,
system stability, and load response. Figure 1 outlines the system's interconnected components, with
subsequent subsections detailing their functionalities.
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Figure 1. PV/FC proposed system connected to grid
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2.1. Photovoltaic panel model

Figure 2 illustrates a solar cell model. The solar panel is configured with N, cells in series to
increase voltage and N, cells in parallel to enhance current. The conversion of solar energy into electrical
energy is described by the non-linear (1) [16].

Vpo+Rslpy

_ Vpv+Rslpy
Via

Ipv = Ilph — I, [exp ( ) —1] (1)

Rsn

where I, is the PV generated current, 1, is the PV generated voltage, I, is the photo-current, I, is the
saturated diode current, g is the electron charge, k is Boltzmann's constant, a is an ideality factor (varies
between 1.2 and 5), and T is the absolute cell temperature.
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Figure 2. Solar cell modeling

The expressions for photo-current I,,, and saturation current I, are defined by (2) and (3) [17]:

G
Iph = (Isc + KidT) a 2
Isc+K;dT
where V, = K'T"Ns The selected PV module is KC200GT. The characterizing parameters are taken from the

system advisory model. It can be found in Table 1 [17].

Table 1. Electrical characteristic of KC200GT panel.
Parameter Value
Short-circuit current Iy, (A) 8.2
Open circuit voltage V,. (V)  32.9

Cells per module Ns 54
K; (AJ°C) 3
K, (VI°C) -120
Nominal temperature (°C) 25

2.2. Boost converter

The solar generator's output voltage is often insufficient for many applications, and maximizing
energy conversion efficiency requires operating near the PV source's maximum power point. However,
output power fluctuates due to variations in solar radiation, temperature, and load characteristics, resulting in
inconsistent power delivery. To mitigate this, a DC/DC converter, regulated by an MPPT algorithm [18], is
implemented between the renewable sources and the load. Figure 3 illustrates the proposed system,
integrating a PV/FC generator with a DC-DC boost converter and MPPT algorithm to optimize power
tracking.
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PULSE
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Figure 3. Block diagram of the Boost converter

2.3. PEM electrolyzer model

Water electrolysis decomposes the molecules of water into hydrogen and oxygen. The electrochemical
reactions in the PEM electrolyzer, triggered by an applied potential, are shown in (4) and (5). Figure 4 illustrates
the fundamental principle of a water electrolyzer [19].

Anode: H,0 - 2H* + 20, + 2e~ (4)
2

Cathode: 2H* + 2e~ - H, %)

In the electrolyzer, water at the anode is split into oxygen gas, electrons, and protons. The protons move to
the cathode through a PEM, while electrons travel via an external circuit, driving the reaction. At the cathode,
electrons and protons recombine to form hydrogen gas. Continuous water supply to the membrane electrode
is essential, as is the removal of hydrogen and oxygen. The reactions occur at the membrane-electrode
interface, necessitating the porous electrode to facilitate water flow to the catalyst layer and gas removal from
reaction sites. The PEM electrolyzer cell model comprises four principal components: anode, cathode,
membrane, and voltage [20].
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Figure 4. PEM fuel cell representation

2.3.1. Anode ancillary

The anode ancillary manages the calculation of oxygen and water flows and their partial pressures.
At the anode, according to (4), water is oxidized to produce oxygen gas, protons, and electrons. The
equations for these reactions are provided [21].

dNo,
dt

= Nozai —No,  + Nozgn (6)
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dNHZO . . .
dt - NHZOai - NHZan - NHZOeod + NHZOdiff (7)

where, Nozai’ No,,,+ Niy04: Niyo,, (MOl/s) are inlet and outlet molar flows of oxygen and water anode,
respectively. Ny,o,,, and Nbj04i7 1€ electro-osmatic drag and diffusion flows. Nozgn is the molar flow rate

of oxygen generation at the anode. The oxygen molar flux through the anode, using Faraday’s law, is given
by (8) [21].

No,
n02 = % = ﬁ (8)
2.3.2. Cathode ancillary
The cathode ancillary determines the flow rates and partial pressures of hydrogen and water.
Hydrogen ions interact with electrons supplied by the power source to produce hydrogen gas. The equations
governing the cathode ancillary are (9) and (10) [20].

dNpy,
dt

= NHZci - NHZ + NHZgn (9)

co

dANpyo . . .
at Ni,00 = Niyoo = Niy0p00 T+ NHzodiff (10)

The molar flux of hydrogen at the cathode can be expressed, using Faraday’s law, as in (11).

NHzgn 1
TlHZ = _A = m (11)

2.3.3. Membrane ancillary

The membrane electrode assembly is the core of the PEM electrolyzer, involving diffusion, electro-
osmotic drag, and hydraulic pressure effects [19].

Nu,o0,, = NHZOdW = Nyy0,00 NHZthe (12)
The rate of water transport due to diffusion can be described by Fick’s laws of diffusion [21].

NHZOdiff = AZ—Zm (CHZO,m,a - CHZO,m,C) (13)
where, D,,,,, is the membrane diffusion coefficient of water, a,, is the membrane thickness, Cy,om,q, and

Cuyo0,m,c Tepresent the concentrations of water at the membrane sides.
Electro-osmotic drag is dependent on the flow of hydrated protons:

- _ ngiA

Niy0000 = = (14)
where n, is the electro-osmotic drag coefficient. Experimentally, n, varies with cathode pressure, current
density, and temperature. Water transport from cathode to anode through the membrane is described by
Darcy's law [21]:

. A Kdgarcy Awater (Pc—Pa)
NHZthe - (15)

am Vwater MH,0

where, Kyqrcy IS the membrane permeability to water, v,,q¢. is the viscosity of water, and d,,qce is the

water density.
The net molar flow rate of water becomes:

. _ ADypm, QAel, MHy0, QAel, MH,0,
Nu,o0,, = o Cuyocna = =5 — Nuoup | = Cryocne + ———

m Deaifr,, Deairr,
+ ngiA + AKgarcy Awater Pc—Pa) (16)
F Am Ywater MHzo
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Electrolyzers can operate in either current mode or voltage mode. In voltage mode, the electrolyzer applies a
set voltage and draws current accordingly until it reaches a steady-state after transient cycles. However, most
commercial electrolyzers are designed to operate in current mode.

The operating cell voltage is the sum of the open-circuit voltage V,., ohmic overpotential V,p,,,
activation overpotential V.., and concentration overpotential V., as (17) [20].

V = Voo + Vorm + Vact + Veonst (7

These parameters could be represented by (17a) to (17d):

Vo = Bo + 2% (1n (220 (17a)

aH,0

where, R is the universal gas constant, T'is the cell temperature, and a,, is the water activity between anode
and electrolyte, for simplicity it is assumed here to be 1. The standard voltage E, is E, = 1.229 —
0.9¢73 (T — 298).

RT , i RT . i
Vace =7 arcsinh ( 21 ) + —— arcsinh ( 2.1 ) (17b)

iog ac i

where a, and a. are the charge transfer coefficients, i is the current density, and i, , and i, are the exchange
current densities for the anode and cathode, respectively.
RT CH,

m.o 4 Eln —CHZ':; (17¢)

RT CH,
V =—In
cont 4F

CHz,om

Co, and Cy, are the oxygen and hydrogen concentrations at the membrane-electrode interface.
m m

Vorm = Reoe I = Vohmel + Vohmbp + Vohmm (17d)
where R;,; is the total resistance (including electrodes, bipolar plates, and membrane resistances).

2.3.4. Storage ancillary

The hydrogen produced by the electrolyzer is stored in an H, storage bottle. This storage process
involves filling the cylinder with a constant flow of hydrogen until the pressure inside the cylinder equals
the cathodic pressure of the electrolyzer. The characteristics of the storage process are determined as (18)
[20]:

nH, RTp
My, Vp

P —DPbi = Z (18)

where, p,,; is the initial hydrogen pressure in the bottle, z is the compressibility factor of the hydrogen, T;, is
the bottle temperature, and V,, is the bottle volume.

During the storage process, it is assumed that the temperature of the bottle remains constant. This
assumption is valid because the hydrogen filling process is relatively slow, allowing thermal equilibrium
to be maintained. The compressibility factor z accounts for the non-ideal behavior of hydrogen gas,
especially at higher pressures, ensuring accurate determination of the pressure changes within the storage
system.

2.4. Three-phase inverter

The inverter, shown in Figure 5, uses semiconductor devices like insulated gate bipolar transistors
(IGBTSs) or metal-oxide-semiconductor field-effect transistors (MOSFETS) to convert DC voltage from the
PV-hydrogen system into AC currents suitable for the utility grid. It plays a crucial role in ensuring efficient
integration by employing support vector machines (SVM), chosen for benefits like constant switching
frequency, well-defined output harmonics, optimal switching patterns, and efficient use of circuit voltage.
SVM enhances system performance, stability, and reliability, crucial for seamless grid connectivity of the
hybrid system [22].
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Figure 5. Block diagram of three-phase two-level inverter

2.5. Filter

Renewable energy systems must meet stringent energy quality standards to ensure reliable power
delivery to the grid. Research indicates that maximum allowable total harmonic distortion (THD) in three-
phase currents is typically 5%. Non-linear loads contribute significantly to lower-order harmonics,
exacerbated by high-frequency ripples from IGBT switching in inverters. Addressing these challenges, the
use of an LCL filter, illustrated in Figure 5, on the inverter-grid side effectively reduces high-frequency
ripples, ensuring compliance with THD standards and enhancing system efficiency [23].

3. CONTROL SYSTEM
3.1. MPPT

The MPPT algorithm is critical in PV systems to maximize power generation by continuously
adjusting operating conditions. Numerous MPPT algorithms in the literature aim to enhance efficiency in
power tracking. A recent study introduced an algorithm surpassing the traditional P&O technique, offering
improved power tracking and oscillation elimination capabilities. This algorithm integrates a voltage
regulator to minimize voltage errors between the PV panel and the MPPT block. For further details on this
advancement, refer to [24]. Figure 6 illustrates the principle of this strategy.

siror
= V. Pl
out
MEE controller

Vi T

PV l Duty cycle

generator

Boost
converter

Figure 6. MPPT P&O-based PI controller

3.2. SVPWM control technique

SVPWM is employed to control the individual switches of the three-phase inverter by generating
precise control pulses. Unlike sinusoidal PWM, where duty cycles are determined by simple comparisons,
SVPWM calculates duty cycle ratios, offering several advantages as previously mentioned. For a three-phase
two-level inverter, SVPWM utilizes eight distinct states, each corresponding to a specific voltage space
vector. In this modulation technique, the three-phase reference voltages Uy, Uy, and U; are transformed into
the af plane using Clarke's transformation, computed as shown in (22). The SVM achieves its results through
the steps outlined in [14].

Optimized control and simulation of a grid-integrated photovoltaic and fuel cell ... (Amal Satif)



1418 O ISSN: 2088-8708

1 1
Utl 2 E *
[Uﬁ] o i v ||V (22)
—_— —_—— U*
2 2 c

3.3. Synchronization algorithm

In grid-connected PV systems, synchronizing the inverter output with the grid voltage is essential
for stable operation. This study utilizes the dgPLL method for accurate frequency and phase detection, even
in noisy conditions. Figure 7 illustrates the implementation of the dgPLL, which involves the Park
transformation (abc — dq), a proportional integrator (PI) regulator for filtering, and an integrator functioning
as the voltage-controlled oscillator (VCO). The output generates the utility grid phase angle (6) [25].

vg_ref=0 w_ref

Clarke Park
Transf, Transf,

Loop
Filter

va___, vo

abc ap > o.pLL
Vb_.
VE—» ap v * dq T

Figure 7. PLL block diagram

4. RESULTS AND DISCUSSION

In this study, we modeled hydrogen production using a PV system managed by an improved MPPT
algorithm. The electrolyzer cell model is presented in Figure 8. It highlights the integration and interactions
of the system’s key components.
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Figure 8. MATLAB/Simulink simulation of the PEM electrolyzer

The simulation results in Figure 9 shows that increasing input current leads to higher cell voltages,
driven by enhanced water molecule dissociation. Figure 9(a) illustrates the voltage variations with respect to
the operating temperature of the PEM electrolyzer, where the cell voltage comprises reversible, activation,
and ohmic overvoltages. These findings confirm the critical role of temperature in optimizing electrolyzer
performance. The graphical results in Figures 9(b) and 9(c) depict how both ohmic and activation voltages
decrease as the operating temperature rises. This is attributed to higher reaction rates and reduced electrolyte
resistance, which improve ion transport through the electrolyte and electrode reactions. Additionally, the
simulation of the 1-V and P-V curves of the PV array at different irradiance levels in Figure 10 underscores
the direct influence of solar irradiance on current and voltage output. With a solar irradiance of 1000 W/m?,
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the PV array generates a significantly higher current than at lower irradiance levels, which aligns with the
principle that increased solar irradiance boosts light-generated current in the PV generator. The proposed
P&O MPPT algorithm exhibited superior performance over conventional methods, as shown in Figure 11,
with minimal power oscillations and consistent tracking accuracy across varying irradiance conditions.

The results depicted in Figure 11 demonstrate that the proposed control algorithm effectively adapts
to changes in solar irradiance. The output power exhibits minimal oscillations, and the system reliably
maintains its tracking trajectory. This indicates that the proposed MPPT algorithm offers superior
performance compared to conventional methods.
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Figure 11. Comparison of tracking performance

In hybrid grid-connected systems, synchronization between the inverter’s output current and the grid
voltage is crucial for maintaining a high-power factor. This study employs the phase-locked loop (PLL)
algorithm for precise synchronization, as demonstrated in Figure 12(a), where PLL accurately extracts the grid
voltage phase angle and maintains continuous synchronization using the (dq) reference frame transformation.
The successful implementation of the SVM algorithm is shown in Figure 12(b), with switching signals
generated to control the inverter arms. The system’s robustness and the effectiveness of PLL are further
validated by sinusoidal signals matching the input voltage amplitude, as illustrated in Figure 13. Performance
evaluation of the inverter topology with an LCL filter, modeled in MATLAB-Simulink at a 50 Hz fundamental
frequency, confirms its ability to reduce high-frequency ripples. Figure 14 shows the voltage waveforms after
filtering, demonstrating smooth and stable output voltage suitable for grid connection.
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Figure 12. Synchronization and control processes in a hybrid grid-connected system (a) phase angle and
sector allocation (b) three-phase inverter control signals
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Figure 13. Synchronization between the inverter voltage and the grid voltage

A AR AR A AR AR A LA A AR A A A AR
|

Figure 14. Waveform voltages after the LCL filter

Our study advances research on hybrid renewable energy systems by integrating PV and hydrogen
production technologies. While prior studies focused on optimizing either PV efficiency or hydrogen
production, our work highlights the potential of hybrid PV-hydrogen systems controlled with advanced
MPPT and SVM algorithms. This approach improves energy management and grid synchronization,
achieving a 15% increase in energy efficiency under variable irradiance, a condition often overlooked in
earlier research. Additionally, our findings address scalability and cost-effectiveness challenges by utilizing
hydrogen storage for energy buffering during low solar irradiance, offering a practical solution to solar power
intermittency. These insights provide a framework for future research on large-scale hybrid systems for grid
integration.

5. CONCLUSION

This This study develops and validates a comprehensive control strategy for a grid-connected PV-
FC hydrogen hybrid system, integrating advanced techniques such as a P&0O MPPT algorithm with a Pl
controller, SVPWM for precise inverter control, and PLL for seamless grid synchronization. These
innovations enhance energy conversion efficiency and ensure reliable operation under varying conditions. By
addressing integration challenges between PV panels and hydrogen fuel cells within a grid-connected
framework, the study advances sustainable energy systems by focusing on generation, storage, and grid
integration. MATLAB simulations confirm the system's robustness, demonstrating its ability to provide
stable, continuous power. The research also highlights the environmental benefits of using hydrogen as a
clean energy carrier derived from solar power, reducing emissions and enhancing energy security. Future
work should explore scaling the system for industrial applications, designing experimental prototypes, and
advancing control methods to further improve performance and stability.
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