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Abstract: Hydrocarbons, carbon monoxide and other pollutants from the
transportation sector harm human health in many ways. Fuel cell (FC) has
been evolving rapidly over the past two decades due to its efficient mechanism
to transform the chemical energy in hydrogen-rich compounds into electrical
energy. The main drawback of the standalone FC is its slow dynamic response
and its inability to supply rapid variations in the load demand. Therefore,
adding energy storage systems is necessary. However, to manage and distribute
the power-sharing among the hybrid proton exchange membrane (PEM) fuel
cell (FC), battery storage (BS), and supercapacitor (SC), an energy manage-
ment strategy (EMS) is essential. In this research work, an optimal EMS
based on a spotted hyena optimizer (SHO) for hybrid PEM fuel cell/BS/SC
is proposed. The main goal of an EMS is to improve the performance of
hybrid FC/BS/SC and to reduce the amount of hydrogen consumption. To
prove the superiority of the SHO method, the obtained results are com-
pared with the chimp optimizer (CO), the artificial ecosystem-based optimizer
(AEOQ), the seagull optimization algorithm (SOA), the sooty tern optimization
algorithm (STOA), and the coyote optimization algorithm (COA). Two main
metrics are used as a benchmark for the comparison: the minimum consumed
hydrogen and the efficiency of the system. The main findings confirm that
the minimum amount of hydrogen consumption and maximum efficiency are
achieved by the proposed SHO based EMS.
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1 Introduction

Fossil fuel, which is the main source of energy in all sectors, is not only limited in resources
and fluctuated in price, but also it has a serious environmental impact that results in climate
change. Renewable energy sources are considered the best candidate to replace fossil fuel in several
applications. The sector of transportation is mostly depending on fossil fuel as the main source
and it produces greenhouse gases. Consequently, big efforts are made to increase the utilization
of fuel cells (FCs) in the sector of transportation as green energy sources. This leads to having
no emission and pollution, low maintenance, and quiet operation. The main advantages of FC
are the low operating temperature, and the high energy conversion efficiency [1]. Proton exchange
membrane (PEM) fuel cell (FC) is the most common type of fuel cells, thanks to its benefits
of fast fueling time and low operating pressure [2]. The main disadvantage of standalone PEM
fuel cell is the slow dynamic response. Therefore, standalone PEM fuel cell cannot follow the
rapid change of the demanded load. Moreover, the flow of electricity of the PEM fuel cell is
unidirectional. Accordingly, the PEM fuel cell is employed to meet the main and steady-state load
demand, and an energy storage system is commonly used to supply the fast-changing load and
recover braking energy [1].

Battery storage (BS) is considered a high energy density, whereas the supercapacitor (SC) is
a high power density. Therefore, hybrid FC/BS/SC is the best option to supply any variation of
the load demand. The use of BS and SC also supports reducing the size of the PEM fuel cell.
To enhance system stability, an energy management strategy (EMS) represents a highly needed
element to accurately manage the energy sharing among FC, BS, and SC. The main target of
the EMS in the hybrid FC/BS/SC is to provide the fuel economy, increase lifespan, improve
the dynamic performance, and increase efficiency. To date, the EMSs for hybrid FC/BS/SC have
been examined by a lot of investigators. Commonly, they can be divided into two main sections;
rule-based type, and optimization-based type of energy management strategies [3]. Rule-based
EMSs are difficult to reach the best power sharing. Kamel et al. [4] proposed an EMS of a DC
microgrid, which is composed of photovoltaic/FC/BS/SC, based on classical proportional-integral
(PI) controller, fuzzy logic controller (FLC), frequency decoupling, and state machine control. Jin
et al. [5] suggested an EMS based on FLC to distribute the load demand of electric vehicle. The
suggested strategy succeeded to decrease the degradation of battery by 17%. The optimization-
based EMSs include the global optimization EMSs and real-time optimization EMSs. To decrease
the total consumption of hydrogen in FC-based hybrid electric city buses, Li et al. [2] has sug-
gested an equivalent consumption minimum strategy (ECMS). Optimal EMS based on sequential
quadratic programming (SQP) algorithm has been proposed by Wang et al. [1] for hybrid PEM
fuel cell and battery. The main finding confirmed that the suggested strategy improved both the
performance and efficiency of the system. Chen et al. [0] suggested an EMS using a particle swarm
optimization (PSO) algorithm. The PSO based EMS has been tested using hardware-in-the-loop.
The obtained results proved that the fuel economy is enhanced.

Rullo et al. [7] presented an optimization problem with two levels for sizing and managing a
hybrid system comprises wind turbine (WT) and PV. The authors considered the sizing process
is the outer load, which is solved by a genetic algorithm (GA). Whereas, the inner one is for
energy management strategy, which was achieved via a mixed integer linear program (MILP).
Mellouk et al. [8] solved the problem of sizing and energy managing of the microgrid (MG)
via a hybrid optimizer combining GA and particle swarm optimization (PSO). The considered
targets were minimizing the cost of energy, maximizing the RESs penetration, covering load
demand, and minimizing the system loss. Murty et al. [9] employed a multi-objective solution
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for energy management strategy for grid connected MG with PV, WT, FC, microturbine (MT),
diesel generator (DG), and battery storage system. MILP was applied to solve this problem such
that the operating cost is minimized. Rezk et al. [10] introduced a comparative study of different
strategies employed in energy management of hybrid FC, battery, and supercapacitor (SC) based
system. The presented strategies were the conventional and the metaheuristic-based approaches.
The terms of comparison were the amount of hydrogen consumption and the approach efficiency.
Fathy et al. [11] presented an emergency generating system of a hybrid system comprising FC,
battery, and SC to supply an aircraft in landing state. Moreover, an energy management strategy
based on a salp swarm optimizer has been presented. The considered target in that work was
the hydrogen consumption minimization. Gharibeh et al. [12] presented a strategy employed in
electric vehicles (EVs) to identify the consumed hydrogen, battery state of charge (SOC), and an
optimal distribution of the storage system. Fathabadi [13] presented a hybrid system comprising
FC, battery, and SC to supply hybrid EVs. A hybrid RESs based system for residential load
has been introduced in [14], the presented system comprised PV, FC, and battery. Moreover, an
energy management strategy based on the dynamic programming and the rule-base controller of
the presented system has been introduced. Different evolutionary approaches like GA, PSO, and
Fuzzy logic have been introduced in [15] to control and manage the energy between different
RESs of a hybrid-based system. An energy management strategy based on the FLC system has
been introduced in [16] to manage the power between PV, WT, and battery. Moreover, keeping
the battery SOC within its acceptable limits under load variation was considered as the target.
Mokhtara et al. [17] presented an approach based on the PSO for implementing the management
between the demand and supply in a system comprising PV, solar, DG, and battery. Moreover,
Homer software has been applied for minimizing the net present cost of the constructed system.
Tawfik et al. [18] designed a hybrid power supply system comprising PV, WT, DG, and batteries
with the aid of iHOGA software for water desalination purposes. Moreover, the performance
of such a hybrid supply has been enhanced via incorporating an energy management strategy.
Fuzzy based energy management strategy has been introduced to manage the power between PV,
FC, and battery [19]. Al-Falahi et al. [20] reviewed the different methodologies that have been
employed in sizing and managing the operation of a hybrid RESs based system. Recently, different
hybrid metaheuristic approaches have been widely penetrated in many engineering applications
with nonlinear optimization problem like the multiobjective allocating problem for reliability
redundancy [21,22], GSA-GA [23], PSO-GA [24], and GA-GSA [25].

Additional methods have been reported in the field of energy management strategy of hybrid
RESs. However, the diversity of employing modern metaheuristic approaches is still very limited.
Moreover, most researchers employed analytical strategies that consume a large time and require
excessive effort. Therefore, this work presents a recent approach of spotted hyena optimizer (SHO)
as an energy management strategy for a hybrid RESs based system comprising FC, battery, and
SC. Minimizing the hydrogen consumption and increasing the efficiency of the hybrid FC/BS/SC
power system are the targets with considering the highly fluctuated load demands. The SHO
is selected due to its ability to solve complicated nonlinear problems as a direct result of its
explorative strength. Moreover, it has a simple construction and consumes less time. The obtained
results are compared to the external energy maximization strategy (EEMS) and particle swarm
optimization (PSO). The remaining of the paper is organized as follows: The description of
the system components and different EMSs is presented in Section 2. Whereas, the results are
discussed in Section 3. Lastly, the main findings and perspectives of the paper are presented
in Section 4.
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2 Material and Methods

The considered hybrid system contains FC, BS, SC, DC converter, inverter, EMS, and load
demand. Fig. | presents the block diagram of the hybrid FC/BS/SC system. The operation of
fuel cell is achieved by converting the chemical potential energy, which is stored in the molecular
bonds, into electrical energy. Fuel cell has several advantages, such as it has higher efficiency com-
pared with diesel and gas engines that is used for transportation purposes, and it can efficiently
eliminate pollution resulted from burning fossil fuels. For the hydrogen-supplied fuel cells, the
water represents the only used element by the product. The hybrid FC/BS/SC has been designed
to power a load demand of aircraft using the load profile as shown in Fig. 1. It includes a PEM
fuel cell (PEMFC) with 10 kW electrical power. The rated voltage and current of the PEMFC are
41.15 V and 250 A, respectively. The number of cells in the FC stack is 50. The type of BS is Li-
ion with rated voltage and capacity of 48 V and 40 Ah, respectively. The rated discharge current
of BS is 17.4 A. The rated capacity and voltage of the SC are 15.6 F and 48.6 V, respectively.
The stack of SCs contains 6 capacitors in series with a total voltage of 291.6 V. In addition,
DC/DC boost converter rated at 12.5 kW electrical power is used to regulate the output voltage
of the fuel cell. Also, two DC converters are utilized with BS; the first one is a 4 kW DC step-up
converter, and the second one is a 1.2 kW DC step-down converter, to control the procedures of
charging and discharging. To perform the DC power conversion into AC power, an inverter rated
at 15 kVA, 240 V/200 V, and 400 Hz frequency is used to feed the AC load demand.
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Energy management -
strategy N
Converter V Lty
[ AC Load
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Figure 1: Block diagram of the hybrid FC/BS/SC power system

The essential role of EMS is managing and distributing the load demand among FC, BS, and
SC in a certain way to reduce the consumption of hydrogen by keeping the SOC of both BS and
SC inside their suitable bounds. The EEMS operation is achieved by minimizing the hydrogen
consumption via maximizing the demanded share of BS and SC. The inputs to the EEMS are
the SOC of BS and the voltage of the DC bus. The output includes the reference power for BS
and SC charge/discharge voltage (AV). During the optimization process of EEMS, two variables
have to be assessed; the BS power in addition to the charging/discharging voltage for the SC.
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The fitness function has to be maximized through the supplied energy by BS and SC throughout
a defined period. It can be represented as follows [26]:

1
Maximize J = — (Pbatt'AT'f‘ECr'AVz) (1)
Subjected to PpsAT < (SOC— SOCmin> VpsO @

The following constraints must be considered:

PBSmin < PBS < PBSmax
(3)

Vdcmin = Vdc = Vdcmax

where, Pgs denotes to the power of BS, C, denotes to the capacitance of SC, V;’Zm and V)" are
the maximum and minimum limits of the DC bus voltage, Vs denotes to the voltage of BS, and
0O denotes to the rating of BS.

The original EEMS contains “finin” function inside Matlab software. Consequently, to
improve the performance of EEMS, the function “fimin” is substituted by a spotted hyena opti-
mizer (SHO). Throughout the optimization procedure, the decision parameters are the FC power,
Prc, the BS power, Pgs, and the SOC of BS. The minimum and maximum boundaries of the

decision parameters are nominated as, Pr =850 W, P& =8800 W, Py = 1500 W, Pyi4¥ =

3400 W, SOC™" = 60; SOC™~ =90. Fig. 2 presents the proposed optimization configuration.
The SHO optimizer is fed by two inputs, which are battery SOC and the DC bus voltage (V).
Whereas, the outputs are the reference battery power (P}, ) and the BS and SC charge/discharge
voltage (A V). The reference battery power is compared to the load demand, whereas A V is
compared to V. and its reference value. The error in the voltage is fed to the proportional-integral
(PI) controller that gives the reference current for the battery converter while the error in power
is converted to the reference current for the FC. The main objective of the proposed SHO is to
minimize the amount of hydrogen consumption and enhance the system performance.
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Figure 2: The proposed optimization configuration

The core idea of SHO is extracted from the behavior of the spotted hyenas. It simulates
the relationship among the spotted hyenas, and their collaborative behavior. More information
about the physical meaning and the mathematical modelling of the SHO can be found in [27].
The obtained results by SHO based EMS are compared with the original EEMS and PSO meth-
ods. The PSO represents one of the widely-employed stochastic, population-based optimization
algorithms in the literature of heuristics and metaheuristics. All details about PSO are presented
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in [28]. Two main metrics are used as a benchmark for the comparison; the hydrogen consumption
in addition to the efficiency.

The proposed SHO method differs from the other conventional and metaheuristic method-
ologies in its exploration phase. It has strong explorative phase, which makes it able to solve
nonlinear problems with high efficiency. Moreover, it has a simple construction and consumes less
time. However, SHO is still requiring some modifications to enhance its exploitation phase.

3 Results and Discussion

The proposed system shown in Fig. 1 is constructed in Matlab/Simulink. The specifications
of the system components are given in Tab. 1. The system comprises 10 kW FC, 48 V, 40 Ah
Li-ion battery bank, and six 15.6 F cells of SC with 291.6 V. The FC terminals are connected to a
12.5 kW boost converter. The battery bank terminals are connected to two converters (4 kW boost
converter for charging purpose and 1.2 kW buck converter for discharging purpose). Moreover, an
inverter of 15 kVA, 270/200 V, 400 Hz is used to convert DC power to AC. Furthermore, a 15 kW
protecting resistor is used to prevent overcharging of storage devices. To confirm the validity
of the proposed EMS based SHO, other approaches are used and compared to SHO. These
approaches are the chimp optimizer (CO) [29], artificial ecosystem-based optimizer (AEO) [30],
seagull optimization algorithm (SOA) [31], sooty tern optimization algorithm (STOA) [32], and
coyote optimization algorithm (COA) [33]. Tab. 2 tabulates the optimal hydrogen consumption in
gm obtained via the proposed SHO compared to the other methods.

Table 1: The proposed hybrid FC, battery, SC specifications

FC specifications

Cells number 65
Nominal voltage 41.15V
Nominal current 250 A
Cell temperature 45°C
%Efficiency 50
Battery specifications

Nominal voltage 48 V
Nominal capacity 40 Ah
Charge nominal voltage 55.88 V
Discharge nominal current 174 A
Internal resistance 0.012 @

SC specifications

Rated voltage 291.6 V
Rated capacitance 156 F
Series resistance 0.15 @
No. of series capacitors 108
No. of parallel capacitors 1

No. of layers 6
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Referring to the results given in Tab. 2, it can be seen that the best H, consumption is
19.2493 g, which is obtained via the proposed SHO. Whereas the COA-EMS [33] comes in the
second-order with achieving 19.3778 g while the worst one is the CO with 19.6615 g.

Table 2: Optimal hydrogen consumption obtained via the proposed SHO and the other methods

Methodology H, consumption (gm)
CcO 19.6615
AEO 19.3935
SOA 19.4008
STOA 19.4013
COA [37] 19.3778
The proposed SHO 19.2493

Fig. 3 presents the time-domain response of load, FC power, battery power, and SC power
using SHO based EMS. At a time of 5 s, the FC starts to recharge the BS. The main electrical
source is lost at the time of 40 s. Whereas, the hybrid FC/BS/SC takes over the load demand. At
this moment, the load demand is immediately fed using SC thanks to its fast dynamics, whereas
the output of FC power gradually increases. When the SC is discharged below the nominal voltage
of the DC bus, the BS provides the power for regulating the DC voltage and then gradually
reduces its power to zero. At this moment, the FC performs the supply of the load demand
and simultaneously the recharge operation of the SC. At a time of 60 s, a sudden step change
is performed in the demanded load, and the SC meets the additional transient load demands,
whereas the output from the FC power is gradually increased. Then, the BS discharges to control
the DC voltage in addition to supporting the FC in the supply of the demanded load. When the
FC gives its full rating, the additional load is supplied by the BS. If the BS gives its full rating,
the SC will provide the additional load demand. At a time of 125 s, the load demand decreases
under the FC rating. Due to having relatively slow responses in the FC system, the extra FC
throughout the transient period is used to recharge the SC.
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Figure 3: Time-domain response of the load, FC power, battery power and SC power
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Figure 4: Time-domain response for hydrogen consumption obtained via SHO and the
other methods
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Figure 5: Time-domain response for SOC of the battery for SHO and the other methods

Fig. 4 presents a comparison between SHO and the other employed approaches based on the
minimum consumed hydrogen. Considering this figure, it is very clear that the minimum consumed
hydrogen of 19.29 g is achieved by the proposed SHO based EMS followed by the COA method
(19.3778 g), while the worst value is 19.6615 g obtained via the CO method. The corresponding
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time-domain SOC of the battery is shown in Fig. 5. It is clear that all methods start the operation
with a battery initial SOC of 65%. Whereas, at the end of operation, the minimum battery SOC
of 51% is achieved by SHO based EMS. This confirms that the proposed strategy maximizes the
energy consumption from battery and supercapacitor and it simultaneously minimizes the total
consumed hydrogen.

Finally, the obtained results confirm the superiority and competence of the proposed SHO-
based EMS in achieving the minimum H, consumption compared to the other methods.

4 Conclusions

In this paper, a new energy management strategy based on a spotted hyena optimizer (SHO)
is proposed to optimally share the demanded load among the sources of a hybrid fuel cell (FC),
batteries storage (BS), and supercapacitor (SC) system. The main goal of adding BS and SC
is to overcome the slow dynamic response in FC systems during the fast step changes in the
load demand. To prove the superiority of SHO based EMS, the obtained results are compared
with chimp optimizer (CO), artificial ecosystem-based optimizer (AEO), seagull optimization
algorithm (SOA), sooty tern optimization algorithm (STOA), and coyote optimization algorithm
(COA) methods. The comparison is based on the minimum hydrogen consumption and maximum
efficiency. The results of the comparison proved the superiority of the proposed SHO-based
EMS method. Using the proposed SHO-based EMS method decreases the hydrogen consumption
by 2.096% compared with CO. The superiority and competence of the proposed SHO-EMS is
confirmed via the presented analysis.
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