
HAL Id: hal-04566829
https://hal.science/hal-04566829

Submitted on 2 May 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Energy Management Strategy for a Net Zero Emission
Islanded Photovoltaic Microgrid-Based Green Hydrogen

System
Nisrine Naseri, Soumia El Hani, Mohamed Machmoum, Elhoussin

Elbouchikhi, Amina Daghouri

To cite this version:
Nisrine Naseri, Soumia El Hani, Mohamed Machmoum, Elhoussin Elbouchikhi, Amina Daghouri.
Energy Management Strategy for a Net Zero Emission Islanded Photovoltaic Microgrid-Based Green
Hydrogen System. Energies, 2024, 17 (9), pp.2111. �10.3390/en17092111�. �hal-04566829�

https://hal.science/hal-04566829
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Citation: Naseri, N.; El Hani, S.;

Machmoum, M.; Elbouchikhi, E.;

Daghouri, A. Energy Management

Strategy for a Net Zero Emission

Islanded Photovoltaic

Microgrid-Based Green Hydrogen

System. Energies 2024, 17, 2111.

https://doi.org/10.3390/en17092111

Received: 11 February 2024

Revised: 11 April 2024

Accepted: 25 April 2024

Published: 28 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Energy Management Strategy for a Net Zero Emission Islanded
Photovoltaic Microgrid-Based Green Hydrogen System
Nisrine Naseri 1, Soumia El Hani 1,*, Mohamed Machmoum 2, Elhoussin Elbouchikhi 3,* and Amina Daghouri 1

1 Sciences et Technologies de l’Ingénieur et de la Sante (STIS) Research Center, Research Team “Energy
Optimization, Diagnosis and Control”, ENSAM Rabat, Mohamed V University in Rabat, Rabat 10100,
Morocco; nisrine_naseri@um5.ac.ma (N.N.); amina_daghouri@um5.ac.ma (A.D.)

2 IREENA Laboratory, University of Nantes, 44602 Saint-Nazaire, France;
mohamed.machmoum@univ-nantes.fr

3 ISEN Yncréa Ouest, Nantes Campus, LABISEN, 33, Avenue du Champ de Manoeuvre,
44470 Carquefou, France

* Correspondence: s.elhani@um5r.ac.ma (S.E.H.); elhoussin.elbouchikhi@isen-ouest.yncrea.fr (E.E.)

Abstract: Investing in green hydrogen systems has become a global objective to achieve the net-zero
emission goal. Therefore, it is seen as the primary force behind efforts to restructure the world’s
energy, lessen our reliance on gas, attain carbon neutrality, and combat climate change. This paper
proposes a power management for a net zero emission PV microgrid-based decentralized green
hydrogen system. The hybrid microgrid combines a fuel cell, battery, PV, electrolyzer, and compressed
hydrogen storage (CHSU) unit aimed at power sharing between the total components of the islanded
DC microgrid and minimizing the equivalent hydrogen consumption (EHC) by the fuel cell and
the battery. In order to minimize the EHC and maintain the battery SOC, an optimization-based
approach known as the Equivalent Consumption Minimization Strategy (ECMS) is used. A rule-
based management is used to manage the power consumed by the electrolyzer and the CHSU by
the PV system in case of excess power. The battery is controlled by an inverse droop control to
regulate the dc bus voltage and the output power of the PV system is maximized by the fuzzy logic
controller-based MPPT. As the hybrid microgrid works in the islanded mode, a two-level hierarchical
control is applied in order to generate the voltage and the frequency references. The suggested
energy management approach establishes the operating point for each system component in order to
enhance the system’s efficiency. It allows the hybrid system to use less hydrogen while managing
energy more efficiently.

Keywords: green hydrogen system; equivalent consumption minimization strategy; PEM fuel cell;
droop control; PV microgrid

1. Introduction

Changes in temperature, rising sea levels, variations in the frequency and duration
of extreme weather events, and other indicators all point to pollution and greenhouse gas
emissions as the main causes of the climate change we are currently experiencing. Due to
this, worldwide carbon emissions must be eliminated and drop to zero by 2050 to restrict
global warming to 1.5 ◦C [1]. For this reason, green hydrogen, which is produced exclu-
sively from renewable power, even if it is an energy-intensive process, is more appealing
now [2]. Blue and gray hydrogen are extracted from fossil fuels in a pollution-heavy process
in many countries. The advantage of green hydrogen is that it can assist in decarbonizing a
number of industries that have historically been challenging to clean up [3]. This comprises
long-haul transportation as well as the chemical, iron, and steel sectors. As a fuel for
vehicles, interest in hydrogen has existed since 1800 and increased in the 1970s due to the
oil crisis and again in the 1980s due to technological advancements [4,5]. In 2008, the world
was hit hard by the high price of oil. High oil costs have a significant impact on not only the
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automobile sector but also people’s daily life [6]. The same scenario occurred again in 2023,
but this time with the Russian–Ukrainian war. Therefore, nations accelerated their efforts
to transition away from oil. In Europe, building energy use makes up 40% of the overall
consumption of energy and 36% of the release of greenhouse gases [7]. As the globe moves
toward sustainability, and to ensure the zero-carbon energy independence and security
act, buildings can be heated and powered by green hydrogen [8]. Microgrids integrating
green hydrogen storage can overcome energy challenges and help to achieve the net zero
emissions target; that is why this area of research has caught the interest of researchers.
The authors of reference [9] proposed an off-grid hybrid renewable energy system compro-
mising PV, WT, and batteries to supply residential buildings, and the excess energy can be
used to produce hydrogen via an electrolyzer to be used as a transport fuel for fuel cell cars.
In Reference [10], the authors introduced a new concept for energy and water called Power-
to-H3. It consists of hydrogen, heat, and rainwater. Hydrogen is produced using green
electricity and rainwater is collected from solar panels and used as fuel for fuel cell electric
vehicles (FCEVs). A PEM electrolysis supplied by solar PV and a concentrated photovoltaic
thermal system in Midelt, Morocco, is investigated in Reference [11]. According to the
findings, the optimal amount of hydrogen may be produced by a solar PV installation three
times larger in size. RESs, like PV and WT, are characterized by their high dependance
on weather conditions; locations that have intense solar radiation as well as rapid wind
speeds have the lowest prices for solar and wind energy, respectively. As the authors noted
in reference [12], where they studied a WT/concentrated photovoltaic thermal system with
hydrogen production in Tangier, Morocco, known for its high wind speed, wind power
had a better efficiency in producing hydrogen. According to the authors’ comparative
research in reference [13], which was conducted in South Africa and Nigeria, located in the
sub-Sahara and characterized by high sun irradiation, using various sun-tracking configu-
rations, PV/FC/electrolyzer/battery/H2 storage is the most effective hybrid renewable
energy system. Combining batteries with hydrogen storage in a PV microgrid has the
ability to combine the benefits of both technologies. Batteries are utilized for short-term
storage and can handle repeated instantaneous power peaks, while hydrogen storage is
employed for long-term storage and does not self-discharge [14,15]. To take advantage of
the synergy between ESS in this kind of microgrid, energy management strategies are also
required. The microgrid EMS’ objectives can be technical, economical, or environmental,
depending on the microgrid model and its requirements. The techniques employed for
this finality differed from one another in terms of accuracy, complexity, and computation
time [16]. In ref. [17], a type of MPC called the receding horizon optimization approach
is utilized in PV/WT/hydrogen microgrids to reduce operating costs and decrease the
uncertainty associated with solar and wind turbines. An optimal scheduling approach
for a PV–hydrogen microgrid is investigated in ref. [18], taking into account the lowest
possible energy storage equipment operating costs. In ref. [19], a power management
control strategy for an islanded solar microgrid considering the limited life cycle of storage
devices is proposed. For a microgrid powered by the power-to-gas system, a two-layer
energy management system is suggested in [20]. The supervisory control is based on
fuzzy logic and the local control is dedicated to the power converters. A synergistic power
control strategy based on max-min game theory is suggested in ref. [21], taking into account
hydrogen tank safety and fuel cell life deterioration. In ref. [22], the authors suggested
utilizing a two-level hierarchical model-based predictive control with an optimized cost
function as an energy management strategy for microgrid construction. The methods used
are PI, FLC, MPC, metaheuristic optimization algorithms, stochastic and robust program-
ming, and optimization-based EMS. The PI controller is used to control a single-input,
single-output system. On the other hand, FLC and MPC are able to control multi-input and
multi-output systems. Nevertheless, FLC requires a significant amount of computation
time to compile, particularly in complicated systems. However, MPC requires a precise
plant model, which could be challenging if there is a lack of input data. When it comes to
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metaheuristic optimization methods, the convergence speed to the global optimal solution
is extremely slow [16].

Concerning methods used for reducing the hydrogen consumption of hybrid energy
storage systems including fuel cells, batteries, and supercapacitors, in ref. [23], the authors
present a comprehensive comparison of nine energy management strategies, of which
five are the most known. Fuzzy Logic Control, the External Energy Maximization Strat-
egy (EEMS), the State Machine Control Strategy (SMCS), the Proportional—Integral (PI)
method, and the Equivalent Consumption Minimization Strategy (ECMS). EEMS requires
a comprehensive fuel cell consumption model which is a highly challenging task and
the PI method gives good results in energy management but not in reducing hydrogen
consumption. The main drawback of SMCS is the requirement of hysteresis control dur-
ing the state transitions. As a result, this issue affects the EMS’ response when the load
requirement varies. The expertise of the author affects the fuzzy logic control’s outcomes.
The ECMS, which attempts to reduce the fuel usage in the FC, does not take the power of
the supercapacitor into consideration. In a hybrid microgrid, study [24] demonstrated that
the ECMS uses the least amount of equivalent hydrogen. A state machine combined with
equivalent consumption minimization for fuel cell and supercapacitor for a hybrid tramway
was developed and used as an energy management strategy in ref. [25]. A hierarchical state
machine energy management system-based minimum utilization cost was used to manage
a DC microgrid that integrates photovoltaics, an electrolyzer, a hydrogen tank, a fuel cell,
and a battery in [26]. This method reduces the efficiency of the hydrogen energy system
by making it generate more electricity in order to keep the battery charged. Most of the
publications on the ECMS are based on EVs and tramways in order to minimize the hydro-
gen consumption in the fuel cell/battery system or in the fuel cell/supercapacitor/battery
system, as in references [27–35]. For a PV microgrid with a fuel cell and battery, the authors
of ref. [24] proposed a two-level management system, with the ECMS algorithm acting as
the system layer. This paper does not include the production of hydrogen, and hence, it
does not consider the electrolyzer efficiency.

This research examines a hybrid energy storage system consisting of batteries and
hydrogen storage in a DC microgrid powered by a photovoltaic array. The main power
source and the ESS are connected to a DC bus and interfaced with a single inverter con-
trolled with primary and secondary control under variant load conditions. The hydrogen
storage unit consists of a water electrolyzer, compressor, hydrogen tank, and a PEM fuel
cell for green hydrogen re-electrification. In order to fulfill the maximum power needs
while ensuring the minimization of hydrogen consumption and achieving power sharing
between the electrolyzer, the battery, and the fuel cell, the aims of this paper are based on
the following points:

- The net-zero-islanded PV microgrid is controlled and managed with a local control
layer on the DC side by local power converters. These converters send the power
status to the ECMS algorithm-based system control layer.

- A fuzzy logic controller-based MPPT is applied to the PV boost converter in order to
maximize the output power of the PV system.

- The compressor and water electrolyzer are controlled according to the level of charge in
the hydrogen tank, as well as the generation and consumption of power in the microgrid.

- Fuel cell nonlinearity can cause performance degradation with time, which may increase
parasitic losses and membrane degradation and, as a result, decrease the fuel cell system’s
lifecycle and efficiency. To solve this problem, a sliding mode control-based exact
feedback linearization is used to control the output current of the fuel cell.

- A cost function optimization problem based on an equivalent consumption minimiza-
tion strategy is designed and used to minimize the consumption of green hydrogen,
as can be seen in Figure 1.

- A primary control, a type P/F, and Q/V droop control with a virtual output impedance,
and a centralized secondary control are used to generate the referenced voltage and
frequency of the islanded microgrid. The studied system is presented in Figure 2.
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The sections that follow are organized as follows: hybrid energy system modeling and
control is displayed in Section 2, and an equivalent consumption minimization strategy is
presented in Section 3; the results are presented in Section 4 and discussed in Section 5, and
the conclusions are explored in Section 6.
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2. Hybrid Energy System Modeling and Control
2.1. Fuzzy Logic Controller-Based MPPT for Renewable Hydrogen Conversion System

Fuzzy Logic Control (FLC)-based MPPT is a soft computing technique used under
uniform insolation and varying weather conditions. FLC has the benefit of not requiring
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an analytical representation of the system [36]. The FLC operation is built up based on
three main components: defuzzification, rules inferences, and fuzzification. Its two inputs
are the error (Er) and the change in error (CEr) as mentioned in Figure 3. The incremental
duty cycle is the output (∆D) of the fuzzy logic controller for MPPT, and it can have either
positive or negative values depending on the location of MPP point. This value will be
transmitted to the boost converter. The duty cycle value will be determined by:

E(k) =
∆P
∆V

=
P(k)− P(k − 1)
V(k)− V(k − 1)

(1)

CEr(k) = Er(k)− Er(k − 1) (2)

D(k) = D(k − 1)− ∆D(k) (3)
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E(k) represents the location of the MPP, while CE(k) represents the movement of the
MPP point, as mentioned in the following equation:

dP
dV = 0 at MPP

dP
dV > 0 Le f t o f MPP (voltage increase)

dP
dV < 0 Right o f MPP (voltage decrease)

(4)

2.2. Water Electrolyzer

Water electrolysis presents a promising and clean pathway for producing pure and green
hydrogen; it is a sustainable alternative [37]. In this paper, as mentioned in Equation (5), any
extra energy produced by the PV system is, at any given time, sent to the electrolyzer and
the compressor when the hydrogen tank does not reach its maximum pressure, where it is
used to create hydrogen, which is subsequently sent to the hydrogen storage tank. The Buck
Converter’s control mechanism is depicted in Figure 4.

Ppv = Pload + Pelz + Pcomp i f Ppv − Pload > 0 and Sohc < Sohc,max (5)
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The hydrogen produced will not be employed directly by the hydrogen fuel cell.
It needs to be kept in a compressed hydrogen storage tank and pressurized to a high
pressure. The pressure and hydrogen consumption are directly linked, as demonstrated by
the equation for the ideal gas state. The following formula can be used to determine the
hydrogen pressure level in the storage tank [21]:

SOPH2(t) = SOPH2(t − 1) +
RT
V

(
MElz − M f c

)
(6)

where MElz is the molar mass of hydrogen produced by PEM electrolyzer, and M f c is the
molar mass of the hydrogen consumed by the PEM fuel cell. And they can be calculated
using the following equations:

MElz =
ηElz . PElz

LHVH2
(7)

M f c =
Pf c

η f c . LHVH2
(8)

The state of hydrogen charge Sohc of the hydrogen storage tank is [38]:

Sohc =
Pr,cur

Pr,max
(9)

where Pr,cur is the current pressure of the hydrogen storage tank, and Pr,max is the maximum
allowable pressure of the hydrogen storage tank.

2.3. PEM Fuel Cell

Because hydrogen is a versatile fuel, an energy carrier, and not an energy source in
and of itself, it must be converted into electricity using a device known as a fuel cell stack.
Figure 5 represents the PEM fuel cell polarization curve.

Energies 2024, 17, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 4. Current regulation of the PEM electrolyzer buck converter. 

The hydrogen produced will not be employed directly by the hydrogen fuel cell. It 
needs to be kept in a compressed hydrogen storage tank and pressurized to a high pres-
sure. The pressure and hydrogen consumption are directly linked, as demonstrated by the 
equation for the ideal gas state. The following formula can be used to determine the hy-
drogen pressure level in the storage tank [21]: 𝑆𝑂𝑃ுమ(𝑡) = 𝑆𝑂𝑃ுమ(𝑡 − 1)  + 𝑅𝑇𝑉 ൫𝑀ா௟௭  − 𝑀௙௖൯ (6) 
where 𝑀ா௟௭  is the molar mass of hydrogen produced by PEM electrolyzer, and  𝑀௙௖ is 
the molar mass of the hydrogen consumed by the PEM fuel cell. And they can be calcu-
lated using the following equations: 𝑀ா௟௭  = 𝜂ா௟௭ . 𝑃ா௟௭𝐿𝐻𝑉ுଶ  (7) 

𝑀௙௖  =   𝑃௙௖𝜂௙௖ . 𝐿𝐻𝑉ுଶ (8) 

The state of hydrogen charge 𝑆௢௛௖ of the hydrogen storage tank is [38]: 𝑆௢௛௖  =   𝑃௥,௖௨௥𝑃௥,௠௔௫ (9) 
where 𝑃௥,௖௨௥  is the current pressure of the hydrogen storage tank, and 𝑃௥,௠௔௫ is the maxi-
mum allowable pressure of the hydrogen storage tank. 

2.3. PEM Fuel Cell 
Because hydrogen is a versatile fuel, an energy carrier, and not an energy source in 

and of itself, it must be converted into electricity using a device known as a fuel cell stack. 
Figure 5 represents the PEM fuel cell polarization curve.  

 
Figure 5. Polarization curve of the PEM fuel cell stack. 

The output voltage drop for small currents is primarily caused by activation losses. 
Ohmic losses dominate in the typical operating range. And the concentration losses, also 

Figure 5. Polarization curve of the PEM fuel cell stack.



Energies 2024, 17, 2111 7 of 19

The output voltage drop for small currents is primarily caused by activation losses.
Ohmic losses dominate in the typical operating range. And the concentration losses, also
called mass transport losses cause the voltage to drop to impractical levels for a large
current.

Because the fuel cell and the boost converter are both nonlinear, sliding mode control
based on exact feedback linearization is utilized to regulate the boost converter.

• Exact feedback linearization

In general, the state-space model of a nonlinear single-input, single-output system is
defined as: { .

x = f (x) + g(x)u
y = h(x)

(10)

The nonlinear functions are represented by f and g, the control signal is represented
by u;, and the output function is represented by y.

The linearized system can be expressed with Li derivatives:

υ = a(x) + b(x)u = Ln
f h(x) + LgLn−1

f h(x)u (11)

The exact feedback control law of the nonlinear system is:

u = ν−a(x)
b(x) = 1

LgLn−1
f h(x)

(−Ln
f h(x) + υ)

with LgLn−1
f h(x) ̸= 0

(12)

The inductor and capacitor equations of the boost converter are:{
L

di f c
dt = v f c − (1 − µb)vbus

C dvbus
dt = vbus

R + (1 − µb)i f c
(13)

x =

[
x1
x2

]
=

[
i f c

vbus

]
represents the state vector. µb is the command signal of the fuel

cell boost converter.

f (x) =
[ v f c

L
− x2

RC

]
and g(x) =

[ x2
L

− x1
C

]
The new coordinate transformation, which represents the linear system, is represented

in the following equation: {
z1 = 1

2 L x2
1 +

1
2 C x2

2

z2 = v f c x1 −
x2

2
R

(14)

The control law is as follows:

u =

v2
f c
L +

2x2
2

R2C − υ
v f c
L x2 +

2x1x2
RC

(15)

where υ is the new control input of the linear system.

• Sliding mode control

The surface parameter vector S(x) is defined as [39]:

S(x) =
rk−1

∑
i=0

λi
di

dti y̌(t) (16)

y̌(t) = yd(t)− y(t) is the output tracking error.
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The reaching condition: S
.
S < 0

.
S(x) =

rk−1

∑
i=0

λi
di+1

dti+1 y̌(t) = −ϵS(x)− ksign(S(x)) (17)

with : ∈> 0, k > 0, and λ > 0
The new control law is defined as:

u =

(
v2

f c
L +

2x2
2

R2C

)
− λ0

(
v f cx1 −

x2
2

R

)
− ϵS(x)− ksign(S(x))

v f c
L x2 +

2x1x2
RC

(18)

2.4. Battery Control

In order to balance the DC bus power, the battery is regulated by the V-I droop
controller [24], as mentioned in Figure 6.

Vbus,re f =

{
Vchg − kn Ibatt ; Ibatt < 0
Vdis − kn Ibatt ; Ibatt > 0

(19)
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kn represents the adaptive droop coefficient. It can be calculated as:

kn =

{
kn

∗ SOCbatt ; Ibatt < 0
kn

∗

SOCbatt
; Ibatt > 0

(20)

kn
* is the initial droop coefficient:

kn
∗ =

∆U
Ichg,max

(21)

∆U is the maximum voltage fluctuation range.
Because of its simplicity and because it is the most similar circuit model [40], the

electrical circuit-based Rint model is employed. It consists of an open circuit voltage and an
internal resistance. A battery’s output voltage can be written as:

Vbatt =

{
Vocv − Ibatt Rint,batt ; At discharge Pbatt ≥ 0

Vocv + Ibatt Rint,batt; At charge Pbatt < 0
(22)
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where

Rint,batt =

{
Rbatt,dis = f1(SOCbatt, Ibatt, T) ; Pbatt ≥ 0
Rbatt,chg = f2(SOCbatt, Ibatt, T) ; Pbatt < 0 (23)

Vocv = f3(SOCbatt, T) (24)

SOCbatt = SOCbatt,0 −
∫

ηbatt
Ibatt

Qbatt
dt (25)

Ibatt =
Vocv ±

√
(Vocv − 4RbattPbatt)

2Rbatt
(26)

Estimating the Internal Resistance of Lithium-Ion Batteries

Miscellaneous methods can be employed to determine a battery’s internal resistance,
as mentioned in ref. [41], including the Multi-Hybrid Pulse Power Characteristic known as
M-HPPC, an experimental method using a temperature cycle test and the battery’s charge
and discharge at different C rates. Another technique is the Multi-Factor Dynamic Internal
Resistance Model MF-DIRM, which is based on the M-HPPC. The difference is that, to
determine the function relation of the internal resistance regarding T, SOC, and the C-
rate, the least sequence technique employs binary polynomial approximation. Polynomial
fitting and experimental fitting, both of which are known by the acronym PFAEF, are
other approaches. Using this method, internal resistance is expressed as an exponential
function with respect to temperature and as a third-order polynomial with regard to SOC,
as mentioned in the following equation:

R0(SOC, T) =
[
ε1 + ε2SOCbatt + ε3SOC2

batt + ε4SOC3
batt

]
ε5e

ε6
T+ε7 (27)

The approach used in this paper is the PFAEF method. The PFAEF fitting coefficients
at multiple C-rates (0.75C, 1.75C, and 2.75C) are listed in Table 1.

Table 1. PFAEF fitting coefficients at various rates [41].

C-Rate ε1 ε2 ε3 ε4 ε5 ε6 ε7

0.75C 4.8347 −0.2437 −0.3751 −0.1628 6.0577 2.6921 −0.8159

1.75C 4.2362 −0.2760 −0.6248 −0.0240 19.0968 2.7253 0.1822

2.75C 3.3824 −1.0973 −0.3668 8 0.7126 23.5287 2.6668 0.0940

2.5. DC/AC Converter Control

The inverter is controlled by the P/f, Q/V direct droop control to stabilize the voltage
and frequency of the disconnected PV microgrid Figure 7 [42].

The following equations provide the formulas for frequency and voltage droop:

f = f ∗ − kp(P − P∗) (28)

E = E∗ − kq(Q − Q∗) (29)

kp =
∆ f

Pmax
(30)

kq =
∆V

2Qmax
(31)
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3. Equivalent Consumption Minimization Strategy

The Equivalent Consumption Minimization Strategy is a management strategy used
in a hybrid microgrid to minimize the hydrogen consumption. The goal of the ECMS is to
convert electrical energy from an energy storage system to the equivalent fuel consumption.
The control calculates the best fuel cell power to employ while minimizing hydrogen
consumption [29]. For electrical cars, it is regarded as one of the best control methods [43].
The battery uses DC electrical energy, whereas the FC uses H2 fuel energy. In order to make
their energy consumption comparable, the electrical energy consumption of the battery is
converted into equivalent fuel consumption. The concept of equivalent fuel consumption
is presented in Figure 8 [44].
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The cost function of the optimization problem is expressed as follows:

J = argminC = C f c + kCbatt (32)
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The constraints applied to the optimization problem are:
SOCbatt,min ≤ SOCbatt ≤ SOCbatt,max

Pf c,min ≤ Pf c ≤ Pf c,max
Pbatt,chg ≤ Pbatt ≤ Pbatt,dis

(33)

According to the literature, experimental data have demonstrated that fuel cell hydro-
gen consumption can be characterized as a quadratic function for low power and a linear
function for high power [45].

C f c =

 η f cdc

(
aPf c + b

)
Pf c > Pf c0

η f cdc

(
cPf c + dPf c + e

)
Pf c < Pf c0

(34)

where a, b, c, d, e, and Pf c0 are fit coefficients.
The average hydrogen consumption of the fuel cell can be simplified as:

C f c,avg = η f cdc

(
aPf c,avg + b

)
∼= aη f cdcPf c,avg ; Pf c,avg > 0 (35)

The fuel cell hydrogen consumption can also be calculated using the following equa-
tion, as in reference [29]:

C f c =
Pf c

LHVη f c
(36)

The battery-equivalent hydrogen consumption Cbatt is calculated using average val-
ues [24,45,46].

Cbatt =


Pbatt

ηbcdcηbatt,chg avg ηbatt,dis
.
C f c,avg
Pf c,avg

; Pbatt > 0
Pbattηbatt,chg ηbatt,dis avg

ηbcdc
.
C f c,avg
Pf c,avg

; Pbatt < 0
(37)

The battery charging and discharging efficiencies can be expressed as follows [47]:

ηbatt =


ηbatt,dis =

[
1+

√
1−

4Rbatt,dis Pbatt
V2

ocv

]
2 ; Pbatt > 0

ηbatt,chg = 2[
1+

√
1−

4Rbatt,chg Pbatt
V2

ocv

] ; Pbatt < 0
(38)

The penalty coefficient k is defined as:

k = 1 − 2µ
SOCbatt − 0.5(SOCbatt,max + SOCbatt,min)

SOCbatt,max + SOCbatt,min
(39)

The constant µ serves as a balance coefficient to limit the battery’s SOC value between
SOCbatt,max and SOCbatt,min. It can be adjusted to accurately match the charge and discharge
characteristics of the battery [45]. The fuel cell power is calculated as:

Pf c = Pload − Ppv − Pbatt (40)

J = argmin
(
a
(

Pload − Ppv − Pbatt ) + b + k Cbatt
)

(41)

The objective is to calculate the optimized battery power Pbatt,opt. So Pload and Ppv can
be considered as constants in the instantaneous problem. Replacing Cbatt in the previous
equation, we can obtain:

Cbatt =

 Pbatt

(
−a + k

ηdisηchg,avg
.
C f c,avg
Pf c,avg

)
; Pbatt ∈ [0, Pbatt,dis]

Pbatt(−a + k ηchg ηdis,avg.
C f c,avg
Pf c,avg

) ; Pbatt ∈
[

Pbatt,chg, 0
] (42)
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Given that: 

λdis =

√
1 − 4Rbatt,disPbatt

V2
ocv

λchg =

√
1 − 4Rbatt,chgPbatt

V2
ocv

K1 = k C f c,avg
1

ηchg,avgPf c,avg

K1 = k ηdis,avg
C f c,avg
Pf c,avg

(43)

ηbatt =

{
1+λdis

2
2

1+λchg

(44)

Considering that: 

A = k
ηchg,avg

σ = ηchg,avgηdis,avg

λmin =

√
1 +

4Ubatt,min(Ubus,min−Vocv)
V2

ocv

λmax =

√
1 +

4Ubatt,max(Ubus,max−Vocv)
V2

ocv

(45)

The optimal solution to the optimization problem, can be expressed as:

Pbatt,opt



Pbatt,dismax ; A ≤ λmin
V2

ocv
4Rdis

(1 − A) ; λmin < A ≤ 1
0 ; λmin < A < 1

σ
V2

ocv
4Rdis

(
1 − (Aσ)2

)
; 1

σ < A < λmax
σ

Pbatt,chgmax ; A ≥ λmax
σ

(46)

The ECMS energy management implementation in Matlab/Simulink is shown in
Figure 9 and the PEM fuel cell reference current can be generated using Equation (47).

I f c,re f =
1

τf cs + 1
Pf c,re f

Vf c
where I f c,re f ∈

[
I f c,min, I f c,max

]
(47)
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4. Simulation Results Analysis

This study investigates an islanded PV microgrid under various radiation conditions.
It is considered that compressed hydrogen atoms are initially present in hydrogen tank
storage. The PV system is controlled under fluctuating radiation by a fuzzy logic controller-
based MPPT, as shown in Figure 10.
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Figure 10. PV power system with fuzzy logic controller-based MPPT.

The input current of the PEM electrolyzer reaches its maximum at the peak of the PV
power system Figure 11. Since the electrolyzer is powered by the PV system, when there is
an excess of energy, the current of the electrolyzer reaches its maximum at the PV system’s
peak output power.
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Figure 11. Current of the PEM electrolyzer.

Figure 12 displays the output power evolution, the input current, and the state of
charge of the battery.
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Figure 13 indicates the PEM fuel cell’s instantaneous hydrogen consumption as well as
the output voltage and current of the PEM fuel cell. The fuel cell consumes green hydrogen
at almost equilibrium and its consumption starts to drop with the growth in the PV system’s
output power.
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The amount of hydrogen generated, stored, and used by the green hydrogen system is
represented in Figure 14. The amount of hydrogen that is stored is the result of adding the
amount already present in the tank storage to the amount created when there is an excess
of energy.
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Figure 14. Quantity of hydrogen produced, stored, and consumed by the system.

Figure 15 illustrates the results of primary and secondary control. The P/f and Q/V
droop controls in particular are responsible for changing the frequency and voltage of the
microgrid through the primary control. The frequency and voltage deviations are restored
by the secondary control, as illustrated in Figure 15a,b. The secondary control is employed
to balance the active power in the short term (during transients). The variation in the load
affects the voltage and frequency references as well as the output voltage of the DC/AC
converter. Furthermore, every fluctuation in the fuel cell affects the dc bus voltage, which
in turn impacts the inverter’s output voltage.

The optimal power of fuel cell generated by the ECMS is presented in Figure 16.
As can be observed in Figure 17, the fuel cell’s performance is affected by load variation,

high power loads, and the battery when it has to generate or consume power. The fuel cell’s
optimal output power is determined by the ECMS, which takes into account the battery’s
state of charge and Pnet = Pload − Ppv data processing. When the PV system’s capacity is
exceeded by the load demand, the fuel cell supplies the load.

When the irradiation reaches its peak value, the PV system operates at its full potential.
After the PV system has supplied the required amount of power for the load, any remaining
power is used to power the PEM electrolyzer and the compressor. As can be seen between
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0 and 0.015 s and between 1.284 s and 2.56 s, the PV supplies the load and the electrolyzer
because Pnet < 0.

Between 1.284 s and 2.56 s, the power of the fuel cell decreases because the PV supplies
the load and charges the battery to maintain its SOC. And when the output power of the
PV decreases, the power of the fuel cell increases, and the battery discharges in order to
supply the load.
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5. Discussion

The ECMS algorithm determines the optimal output power of the battery pack by
computing the equivalent consumption based on the state of the battery (SOC), the load
demand, the PV power, and the efficiency of the power source, converters, and ESS, as well
as estimating the battery’s internal resistance. This produces the fuel cell’s power reference
and, by dividing it by the voltage, the reference current.

As the initial SOC is low (30%) and the load is supplied by the PV, the battery is
charged as much as possible between 0 and 0.015 s, as mentioned in Figure 17. Between
0.015 s and 1.284 s, the battery discharged as its SOC was still within the range limits, and
the fuel cell minimized its consumption of hydrogen, as mentioned in Figures 13a and 17.
And between 1.284 s and 2.56 s, the battery charges as much as possible as its SOC is low.
In the case of a low SOC, the maximum instantaneous hydrogen consumption is 5 g/s,
compared to that found in ref. [24], which was 6.71 g/s, and the equivalent consumption
of hydrogen is 6 g/s, compared to 6.81 g/s found in the same reference. As an outcome,
the hydrogen consumption reaches its lowest value when the PV system supplies the load
and charges the battery with the help of the fuel cell. This strategy minimizes, on the one
hand, the instantaneous hydrogen consumption by the fuel cell, and, on the other hand, it
maintains the battery SOC.

The ECMS and flowchart energy management are compared in order to confirm the
effectiveness of the suggested energy management strategy. The hydrogen energy storage
efficiency system is the technical parameter used to evaluate the system. The findings
demonstrate that, in the case of the ECMS algorithm, the hydrogen energy efficiency is
increased by 5.26%.

6. Conclusions

In this work, an energy management strategy was proposed in order to enhance
the hybrid system’s performance, maintain the battery SOC, and increase the operation
efficiency. When the PV system is unable to handle the required load, the PEM fuel cell is
globally chosen as the main source. In addition, a battery pack is added to assist the PEMFC
stack within its acceptable limits. The fuel cell system can be operated more effectively,
hence reducing the FC power dynamics and conserving hydrogen use. This system can be
integrated into an islanded net-zero building, considering hydrogen storage limitations,
extending the life cycle of the fuel cell stack, and solving the problem of load demand
deviation from its desired value.
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Within this framework, our forthcoming research endeavors will focus on PV array
curtailment power during excessively high generated power and load shedding during
excessively low generated power. Moreover, energy management for multi-microgrids-
based green hydrogen should be investigated to manage excess energy when the hydrogen
storage tank is filled, the battery is fully charged, and load demand is minimal.
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Nomenclature

Cbatt Battery-equivalent hydrogen consumption, (g/s)
Cbatt,pack Battery pack capacity, (Ah)
C f c FC hydrogen consumption, (g/s)
C f c,avg FC average consumption
Crate,chg,max Maximum charging rate
Crate,dis,max Maximum discharging rate
E∗ Rated voltage
ECMS Equivalent consumption minimization strategy
EMG Microgrid voltage
EMS Energy management system
erev(T, P) Reverse voltage, (V)
ESS Energy storage system
EV Electrical vehicle
f Frequency (Hz)
f ∗ Rated frequency
Kp Drooped frequency
Kq Drooped voltage magnitude
LHVH2 Lower heating value of hydrogen
MPC Model predictive control
P∗ Power delivered at the rated frequency
Pf c,avg FC average power
Q∗ Power delivered at the rated voltage
Qbatt Battery rated capacity
R Universal gas constant 1 atm/(kmol·K)
Rbatt,chg Battery charging resistance, (Ω)
Rbatt,dis Battery discharging resistance, (Ω)
RESs Renewable energy sources
Rint,batt Internal resistance of the battery, (Ω)
SOCbatt State of charge of the battery
SOCbatt,0 Initial state of charge of the battery
T Temperature, (Kelvin)
Vocv Open-circuit voltage of a battery, (V)
WT Wind turbine
ω∗ Angular frequency of frequency reference
ηbatt Battery discharging/charging efficiency
ηbatt,chg,avg Average charging efficiency of the battery
ηbatt,dis Battery discharging efficiency
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ηbatt,dis,avg Average discharging efficiency of the battery
ηbcdc Efficiency of bidirectional DC/DC converter
ηElz Electrolyzer efficiency
η f c Fuel cell efficiency
η f cdc Efficiency of FC DC/DC converter
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