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Abstract

This paper addresses the management of a Fuel Cell (FC) — Supercapacitor (SC)
hybrid power source for Electric Vehicle (EV) applications. The FC presents the
main energy source and it is sustained with SCs energy storages in order to increase
the FC source lifespan by mitigating harmful current transients. For this aim, the
reported work proposes a Grey Wolf Optimizer (GWO) for an efficient power
management of the studied hybrid power system. The key idea of the proposed
approach is to incorporate the benefit of the GWO in terms of fast optimization and
convergence accuracy, in order to achieve efficient energy sources exploitation and
provide the desired driving performances. Simulations and experimental results

verify the validity of the proposed management algorithm.

Keywords: Energy Management System (EMS), Fuel-Cell (FC), Supercapacitor
(SC), Grey Wolf Optimizer (GWO), Electric Vehicle (EV).

I. Introduction

Recently, because of the increasing global warming concerns, the development of
electric vehicle (EV) applications is gaining increased attention due to their benefits in
reducing carbon and greenhouse gases emissions. Indeed, the world is moving toward the
development of proper vehicular applications using low emission electric drive and
power electronics technologies. To achieve satisfactory driving performances, EVs
require energy source and storage systems such as, Batteries, Supercapacitors (SCs), and

Fuel Cells (FCs) with advanced management strategies. The development of energy
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management strategies (EMSs) for FC installations provides advantages to improve
power quality export, flexibility and reliability [1]. The coupling of FC sources to SC
storage systems is particularly important to satisfy transit power demands and provide
vehicles with sufficient energy and power density to achieve appropriate driving
performances [2]. Indeed, on the one hand, FCs sources can ensure an uninterruptible
power supply when sufficient fuel (gases and hydrogen) quantity is available. However,
these energy sources can present a relatively slow transient dynamic due to the time
response of the gas supply system. On the other hand, SCs energy storage systems can
ensure a high instantaneous power during short periods of time, but present lower energy
density compared to other classical storage elements (batteries)[3][4][5].

Different EMSs for FC based hybrid energy systems have been reported in the
literature [6][7][8][9][10]. These methods can be classified in four categories including
rule-based methods, controller methods, filter and optimization based methods. Rule-
based techniques are mainly based on State Machine, Fuzzy Logic, and Neural Networks
[8][11]. For State Machine control [8]-[9], each rule or state is defined either heuristically
or empirically. Besides, Fuzzy Logic rule-based methods associate membership functions
to the inputs and the outputs in order to achieve the desired performance. The
performances of rule-based methods relate to knowledge of the system. For controllers
based EMSs, the main idea is to use control laws to compensate the error between the
desired references and the actual states. Several energy management based controllers
can be found in the literature, including Proportional-Integral (PI) control [12], Flatness
based control [13][14], Passivity control [15], H-infinity control[16], Sliding control[17],
Backstepping[18], and so on. These methods can achieve exact calculation of the
reference taking into account system losses even under unknown operating point. Filter
methods adopt a frequency decoupling approach considering the dynamic proprieties and
the physical characteristics of the energy system. This is achieved using Low-Pass filter
[19], Wavelet [20], or Fast Fourier Transform techniques [21]. The Filter based
management strategy is simple and can improve significantly the lifetime of the FC
system when the system frequencies are correctly identified. Recently, optimization based
methods are explored to handle complex management objectives (cost, efficiency,

lifespan,...). In such strategies, the desired references result from the minimization of an



instantaneous cost function. In the literature, the reported strategies include Model
Predictive Control [22], Stochastic Dynamic Programming [23], Neural Networks [12],
Adaptive Optimal Control [24], and Particle Swarm Optimization [26][27]. These
strategies are complex and require large computation burden, which could potentially
affect the response time of the energy management system.

In this work, a Grey Wolf Optimizer (GWO) based EMS is proposed for EV
applications with hybrid FC-SC energy system. The GW-Optimizer is a new meta-
heuristic algorithm that was initially proposed by Mirjalili [28]. This algorithm simulates
the hunting behavior of grey wolves in nature. As its name implies, the GWO mimics the
grey wolves’ social hierarchy and the major hunting steps namely seeking for prey,
encircling, and attacking. The GWO moves the wolves (search agents) toward prey by
updating the location vector, which is an average of the group best locations. This
algorithm has attracted the interest of several researchers in different field of applications
since it presents several advantages compared to other optimization algorithms. These
advantages are highlighted in [28] wherein a comparative study with different
optimization algorithms demonstrated that the GW-Optimizer shows enhanced
performances in terms of low computing complexity, solution accuracy, and global
convergence. The GW-Optimizer has been already applied to deal with optimization
problems in power systems [29][30][31][32][33]. For example, this algorithm is used to
optimize the allocation of multiple distributed generation units in microgrids [31], to
solve active power dispatch problems [32][34], and to minimize voltage harmonics in
multilevel inverters [30].

In this paper, a GW-Optimizer based EMS is proposed to optimize the energy
utilization of energy storages in EV applications. Indeed, an advanced EMS is proposed
to manage the power between the FCs energy source and SCs under constraining
conditions, namely time response and state of charge. The GWO acts to find the optimal
management reference that minimize the fitness function with respect to the
aforementioned constraints, and ensure the desired driving performances. The objective is
also to provide the electric drive with sufficient power on demand and protect the energy
source and storage system against transient currents.

This paper is organized as follows. A description of the studied system and its control



are presented in section II. In section III, the design principle of the proposed energy
management strategy is provided. Finally, in section 1V, simulations and experimental
results validate the effectiveness of the proposed method.

II. Description of the hybrid energy system

The circuit configuration of the studied system is shown in Fig. 1. The FC and SCs are
connected to a common DC-bus through an interleaved unidirectional boost converter
and a bidirectional buck-boost converter, respectively. The interleaved DC-DC
converters are considered in order to minimize current ripples at the input of the energy
source. In this way, the input current can be shared between converters legs, which

improves the heat dissipation capacity of the system. The inductances values are assumed

to be equal.
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Fig. 1. Topology of the studied hybrid energy system.
A. Fuel Cell modeling
The FC is used to convert a chemical energy of reactant into electricity [35][36]
[37]1[38][39]. In this study, a Proton Exchange Membrane Fuel Cell (PEMFC) is
considered as the main energy source in the EV system. The output voltage of a single

cell is expressed as follows [40].



Ve =B, ~Ver Vo Vo (1)
where, En, Vact, Vonmic and Vcon represent, respectively, the Nernst voltage, and the
activation, ohmic, and diffusion losses.

The Nernst voltage can be written as in [2].

1.299 + (T —298) ~44.43  RT In(P, P)*) whenT <100°C
2F 2F 2 0

E = 172
n - P, P
1.299 + (T —298) 44.43 +£In(ﬂ2—02) whenT >100°C
2F 2F P, )

where, R represents the gas constant (8.3145 J/mol K), T is the temperature of operation
(Kelvin), F is the Faraday constant (96485 A s/mol), Pu2 is the hydrogen partial pressure
(atm), and Po2is the partial oxygen pressure (atm).

The ohmic losses can be expressed as follows:

Vo/mb =R“CjFC (3)

where, Rrc is the FC resistance, and irc is the FC current.
The relationship between activation losses and current densities, namely irc and iy, can
be determined using the Tafel equation as follows [41]:
I
Ve =A In(-= 4)
Ly
where, A is a constant term that is higher for slow electrochemical reaction.

The diffusion losses can be expressed as follows:

) P
V. =me" +b In(-Z) (5)

conv
a

where, m, n, b and a are empirical coefficients that take into account the different
polarization effects.

For standard operations, the hydrogen consumption rate of a FC is related to the
current flow (irc). Therefore, the hydrogen consumption rate Cy, is calculated as follows:
~ 2F (6)

0

H2

where, N is the number of cells.
The FC efficiency is theoretically defined as a ratio between the useful produced

energy (electrical energy) and the energy input (enthalpy of hydrogen). The theoretic FC



efficiency can be calculated by:

AG
AC,. @)

/7:

Where AG is the enthalpy of hydrogen and A¢g. is the produced electrical energy.

The FC efficiency decreases as long as the temperature increases, and can almost
reach 83% at 25 °C [41][42]. The FC efficiency is based on the calculation of the
enthalpy, which can be complex in practical operations. In this way, a simplified
approach is proposed in [43], wherein the FC efficiency is only estimated based on the
voltage measurement and the fuel utilization rate estimate.

The FC efficiency is referred as voltage efficiency and it is expressed bellow:

Vic (8)

,7FC_|/ = IJF E

th

where, pp is a fuel utilization rate that is commonly close to 0.95. Eth is the
thermoneutral potential and its value depends in the hydrogen’s heating value. The
thermoneutral potential is equal to 1.462 V for the higher heating value (HHV), and 1.254
V for the lower heating value (LHV). In this work, the Horizon H-2000 PEM Fuel Cell is
used. Its consists of a 2 kW self-humidified hydrogen FC with 48 cells. The efficiency of
the FC at the rated conditions (28.8 V - 70 A) is about 40% [44]. The polarization and

power curves various FC current are shown in Fig. 2.
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Fig. 2. FC voltage and power characteristics various the FC current.

B. Supercapacitor modeling

The supercapacitor is modeled as a simple RC circuit by the following equations:
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where, Rqc is the internal resistance and Csc is the cell capacity. The detailed modeling
procedure can be found in [2].

The cell terminal voltage depends on the current demand and the SC State of Charge
(SOC). The SOC of the SC can be obtained as follows:

(Qint +J.iSCdt)
SOCy (%) =————100

SC "/rated (10)
where, Q;,; and Vraeq represent the initial electric charge and the rated cell voltage,
respectively.
C. Converter modeling

The interleaved converters are primarily controlled with an inner current control
loop to achieve satisfactory dynamic and provide the system with sufficient protection
[2].

Assuming that the currents ig; and i, are tightly controlled to follow their respective

references iX5" and iREF . In this way, the currents expressions can be defined as follows:

REF
jREF — i = PF_C

I =1
FC FC ‘, ‘,

FC FC (11)
I, = l'REF = & = PSIEEF
sc T tse Ve, Vi, (12)

where, PREFand PREF represent the SC and FC power references, respectively.
These converters are modeled as a reduced order model that considers only the FC and
SCs converters static losses, 5. and 1z, respectively.

The DC-bus capacitive energy ¢g,s and the SCs energy ¢g. can be written as follows:

— 2
<.Bus -5 CBuszus

2 (13)
1
Cse = ECSCVSZ‘C (14)
The total electrostatic energy ¢r stored in the DC-bus capacitor Cgys and in the SCs

can be written as follows:



1 1
CT = ECBusv;us + ECSCV.?C (15)
The differential equation describing the DC-bus capacitive energy ¢g,s 1S given below

in function of the FC power Prc,, the SC power Psc,, and the load power Proaa.

. P P
Cous = Prc _"Fc(i)2 +R _rSC(if B

Vrc Vsc (16)
where,
ZC us
PLoad :VBus anad = C = EL(wzd
Bus (17)
2¢
PSC vSC IrIJSC C = |:’]SC
Ne (18)

To provide the system with power limitation capabilities and sufficient protection, a
current limiter is added as follows:
g min (1) S 00 (1) S e pnax (1) (19.1)
0 <ipe (1) Sipc (1) (19.2)
The SC current limitation function acts to limit the current reference to the interval
[iscmin, iscmax], Where, iscmax and iscmin represent the maximum charging and discharging
current, respectively.

IL Energy system control

As shown in Fig. 3, the proposed control strategy adopts a hierarchical structure with
two levels and multiple control loops.

The First level is dedicated to the SC control and consists of two nested loops
wherein the control of the DC bus voltage is done through the control of the SC current
participation. Indeed, an external DC voltage loop is used to calculate the SC current
reference to the inner current control loop using Proportional Integral (PI) regulators.
This control scheme allows maintaining the DC bus voltage within acceptable ranges
with an effective control of the SC current participation and sufficient over-current
protection to preserve the system.

The Second level is dedicated to the FC management, which is based on the GW-

Optimizer that is used to calculate the optimal FC current reference in such a way to



minimize both SC and DC bus energy error. The design principle of the GW-Optimizer is

detailed in the following section. Indeed, the GW-Optimizer calculates the FC power

correction effort v that minimizes the DC bus energy error and SC energy error. The

resulting FC power correction effort is then used to calculate the optimal FC reference

current with respect to the FC power range. The control of the FC current is

achieved

based on a PI regulator, which provides the FC with sufficient protection against current

transients and minimizes the risk of gas starvation and overheating problems. Indeed, the

FC power reference is first derived with regard to the maximum power capability of the
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Fig.3. Control structure of the proposed EM-Strategy.
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The calculation of the FC power reference is done through the resolution of the

second order polynomial equation (16), considering equations (17) and (18), where the

FC power is the variable.
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Accordingly, the FC current reference is calculated as follows:

FC (22)

IV.  Grey Wolf based energy management strategy

The aim of this part is to detail the design method of the GW-Optimizer. The proposed
EMS scheme is shown in Fig.3. The GW-Optimizer is chosen because of its usefulness in
solving constrained problems with attractive convergence performances. In this work, the
merits of this algorithm are devoted to find the optimal FC power correction effort (v)
through the minimization of the system stockers’ energy, namely the energy of the DC-
bus and SCs. Indeed, an objective function that considers the DC-bus energy error and

SCs energy error is proposed as expressed in (23).
Tawo = A (B¢ [K]+ 8¢, [K]) + AT, (Ags [k =1] +Ag,, [+ -1]) (23)

where, A¢gc=¢REF_¢sc is the SCs energy error, and Agp,s=¢REF ¢, o is the DC-bus
energy error. A; and A, represent the weighting coefficients whose design is presented in
next section. T is the sample time.

As shown in Fig. 3, the GWO acts to find the optimal FC power correction effort (v)
in such a way to minimize the error (A¢g,s=¢REF-¢p.c) between the DC-bus capacitive

energy and its reference ¢EEF and the error (Agsc=¢EEF -¢5c) between the SCs energy and

its reference ¢KE

F_ The idea is to manage the system around a desired equilibrium that
enhances the system performance. For that, the energy error is computed at the iteration
(k) and at the previous iteration (k-1). The effort provided by the term at (k-1) can be
considered as a memory with a forgetting factor that gives additional support to the term
at (k) for robustness enhancement and tracking error reduction. However, the contribution
of the (k-1) term is weighted to be significantly lower than the term at (k) in such a way
to preserve the behavior of the dynamic system.

The proposed objective function is subject to the following constraint: |AP;.q/T| <
0.05 where AP, .4 represents the load power variation between iterations (k) and (k-1),
and T is the sampling time. The main purpose of this constaint is to maintain the updating

dynamic of the optimal FC power correction effort (v) within tolerable ranges essentially

under sudden load changes. Therefore, this constraint is designed to act as a low pass



filter for sudden load changes. The constant limit of 0.05 is obtained when considering
that the FC generates 2 kW within 4s duration. This constant can vary in function of FC
technology.

The design procedure of the GWO consists of three steps. The first step, called
“Encircling” depends on the iteration number to evaluate the whole hunting solutions. In
the second step, called “Hunting”, the three best solutions are selected to evaluate the
attacking candidate. Finally, the decision phase, called “Attacking”, the attacking
candidate is checked, and then the best attacking solution is employed.

The prey encircling step is modeled mathematically as follows:

Towo (X (0) = mind Jouo (x ()1, (5) 00 .
Towo (X7 () = min{ Jeuo (0 ()], (K) 00, =L (K} 24)
oo (1 (1)) = minf o (1, ()] 1. (6) 20, ~{” (). (R}

Where x%, xPand x% are the three best solutions that fulfill the following condition at

the iteration (k).

Towo (X (K)o (X2 (5)) oo (X° () (25)

After that, a set of search coefficients is defined as follows:

af (k) =q’ (k)(2¢4, 1)

(26)
Al (k) =245, (k),rD{a.B,8}

where, the coefficients q{ are linearly decreased from 2 to 0 according to iterations, while

the coefficients {’{rand {’gr are random vectors in [0, 1], and r is the number of the

hunters.

1) The hunt is guided by the leader search agents, i.e. alpha, beta then delta, since they
present better knowledge about the potential location of the optimal solution. the other
search agents should update their positions according to the position of best search agent.

the update of their agent position can be formulated as follows:

d/l =

A ()XY (k)-x! (k) i=1.n10{a,B.5} on



x7 (k+1)=x" (k)-q/ (k)d/ (k),i=1..N,rO0{a.p.d}
Finally, by the use of the predefined agent position, the reference power for FC source

is calculated by:
xT(k+1)= ()(”f (k+1)+ xP7 (k+1)+ x°  (k+ 1))/3, (28)
1) Exploration and exploitation of the obtained solutions is verified through the
adaptive values of the distance ¢/, which allows the GWO to smoothly transit between
exploration and exploitation. At this level, when decreasing ¢/, half of the iterations are

devoted to exploration and the other half is dedicated to exploitation.

The pseudo code of the GW-Optimizer is given bellow.

Random initialization of the grey wolf population

While k < kpax

Calculate the fitness of each agent

x%, xPand x®are respectively the best, the second best and the third best agents
Random generation of r; and ;.

Calculation of qf and Af

For each agent update its position

Decrease a

End while

Return /\ﬁ — Ayiref = /\ﬁ

V. Simulation Results

In this part, simulation tests are conducted within a small-scale simulator in order to
evaluate the impact of the proposed EM-Strategy on the behavior of the studied hybrid
energy system and its performances under representative loading conditions. The system,
shown in Fig. 1, is simulated using SimPower blocks in MATLAB/Simulink. In these
tests, the DC-bus voltage is controlled to 80 V while the driving load profile is emulated.
The system and control parameters are listed in Table.1. These parameters are the same

then those of the experimental test bench.

Table. 1. Power system and control parameters



Fuel cell Number of cells: 48
Rated power: 2 kW
Rated voltage 28.8 V

Supercapacitor Capacitance: 58 F

Rated voltage: 32V
ESR: 19 mQ

Power stage parameters Inductances (L1 & L2): 2 mH
Resistances in series with inductors: 0.1 Q

DC bus capacitor: 20 mF

PI Control Parameters SC controller:

Outer 1001:): KpBUS =0.07, Kipus =250
Inner loop: Kysc = 0.7, Kisc =150

FC current controller:

Kp]:c =0.3 and KiFC=0-001

A. GWO parameters setting

To evaluate the effect of the iteration number on the proposed algorithm convergence
accuracy, the program is simulated for 10 times considering a varying number of iteration

from 2 to 25. The number of search agents is set to 3. The obtained results are

N . . J .
summarized in Fig. 4 illustrating the average, the lower and the upper values of ~ ¢%0 in
function of the iteration number. As it can be appreciated, the optimization cost is highly

related to the iteration number, and its value is significantly reduced when the iteration

numbers is greater than 5.
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Fig. 4. Objective function cost versus the iteration number.



In this study, the GWO algorithm is coded in C-language based on 3 search agents and
7 iterations. The evaluated execution-time of the algorithm is about 31 us with a
sampling time of 100 pus.

In the following, the influence of the weighting factors on the DC-bus voltage ripple is

evaluated based on the Ripple Factor (RF) defined as follows:

_ VBus, k— pk

REF
Bus

VEEF is the DC-bus voltage reference.

Where, Vgys pk—pk 18 the peak-to-peak voltage and

Fig. 5 illustrates the evolution of the voltage RF various the objective function
parameters, when the weighting factors 4, is set to 10, and A, is changed from 0 to 20. It
can be seen that the RF evolution is more sensitive to the change of A1; and its values are

minimized for A, greater than 5.

Fig. 5. Influence of the objective function parameters on the voltage RF evolution.

B. Comparative Study

To evaluate the performance of the proposed EMS, a comparison with a conventional
Filter based EMS is proposed. As its name implies, the filter-based strategy synthesizes

the reference using simple low-pass filter whose bandwidth is set with respect to the



dynamic of the physical system. This method is commonly used for its simplicity and
efficiency [43]-[44]. In this study, the Filter based EMS calculates the FC current
reference that correspond to the steady state load current and presents lower dynamic to
variations.

The SC controller ensures the regulation of the DC-bus voltage in such a way to
maintain the desired value and ensure fast response load solicitation. The relationship
between the FC current reference and the load current is expressed in (30).

1 I

sk _load

i =
TR 05s+D(2s+]) 1-d (30)

where, d is the FC converter duty cycle, and ijqq is the load current.

Fig. 6 compares the behavior of the exchanged power between the FC-SC hybrid
energy source and the load using both the proposed GWO based EMS and the Filter
based EMS. To illustrate the difference between the two EMSs, the load power is
increased from 0.75 kW to 1.5 kW at t = 30 s. In this test, the initial SC SOC is equal to
92.2%. As can be appreciated in Fig. 6 (a) and (b), the SC sustains the FC energy source
for transients with both EMSs. However, the power level at steady state is different
between them. Indeed, the power of the SC is close to zero in steady state when using the
proposed GWO based EMS while it changes according to the loading conditions when
using the Filter based EMS. More specifically, the objective function (23) of the
proposed GWO minimizes the SC energy, thereby minimizes the SC steady state effort
and allows keeping its voltage around the desired reference. For high-power demand
(Pload=1.5 kW) it can be noted that the GW-Optimizer acts on the FC to supply the load
demand and compensate for the losses caused by the passive filters of the DC-DC
converters. For further understanding of the system behavior, the SC SOC that results of
using both the GWO based EMS and the Filter based EMS is reported in Fig. 7(a) and
(b). In this result, it can be seen that the proposed algorithm allows a better SOC
management especially under high power demand, namely from 30 to 60s. The SC SOC
variation is minimized and kept around its reference when the proposed GWO based
EMS is used while the SOC presents some variations depending on the power demand
level when the Filter based EMS is used. Indeed, as it can be noticed, the SC SOC

continues to be discharged under high-power demand, namely from 30 to 60 s, and this



influence can be more significant for longer durations. As a consequence of this operation
behavior, the SC sizing can be reduced with the proposed GWO based EMS when
keeping a good management of the hybrid energy system. This fact is very important in
embedded applications where the weight and the volume are a highly constraining.

Fig 8.(a) and (b) show the voltage efficiency of FC when the fuel utilization is

supposed
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equal to 95%. The efficiency under the whole test duration is relatively the same, its
value is higher with the GWO based EMS between 0 and 30 s and with the Filter based
EMS between 30 and 60 s.

To verify the proposed EMS behavior under a representative EV operation, an ECE 15
urban driving cycle is performed. The corresponding speed profile is shown in Fig. 9.
The power profile is characterized by repeated acceleration (positive power) and
deceleration or braking (negative power) sequences, which implies a bidirectional power
flow between the energy source and the drive load. As it can be appreciated in Fig. 7, the
proposed EMS allows keeping the SC SOC within an acceptable range when satisfying
the load demand. In contrast, the SC SOC evolution with the classical Filter based EMS
increases with the repeated braking (negative power) at the risk of overcharge.

It can be noticed that the effectiveness of the employed EMS conditions the
response of the hybrid energy source to varying loading conditions. Indeed, the analysis
of the obtained comparison results shows that in the case of the Filter based EMS, the
SOC of the SC presents large variations for long test durations, which can exceed system
limitations. At this level, the SC needs to be over-sized in order to accommodate for such
variations and guarantee reliable operations along with the FC under varying load
profiles. Therefore, the use of an advanced EMS method like the proposed GWO based

EMS can present better performances.
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It is worth noting that EV power is commonly higher than 20 kW, whereas in this



study only a small-scale experimental bench with 2 kW FC is employed to test and
compare the proposed energy management strategy.

V. Experimental validation

To check the real-time feasibility of the proposed EMS, experiments have been
carried out. The experimental setup of the studied is shown in Fig. 12. The proposed
EMS is implemented under a DSpace 1005 rapid prototyping system. The used hybrid
sources consist of a Horizon H-2000 PEM Fuel Cell and the Maxwell SC modules. The
FC and SC are interfaced to the common DC bus through Semikron converters, which are
connected as shown In Fig. 1. The loading conditions are emulated by a controllable DC

load.

(D Super capacitor (® DSPACE DS1105

®  Fuel cell (PEMFC) (® DCload
@ ControlDesk @ DC/DC converters

Fig. 12. Experimental test-bench of the studied system.

The GWO based EMS is evaluated under the load power profile of Fig. 13 that
presents a simplified derive cycle, and the power evolution of the FC and the SC are
reported respectively in Fig. 14 and Fig. 15. The provided results show that the proposed

EMS allows a complementary operation of the FC and SC sources.
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Indeed, a transients increase or decreases of the load power demand is satisfied with
the SC power source while the steady state operation is satisfied by the FC energy source.
The performance of the hybrid power system is proved to be desired under a further
verification. Fig. 16 provides a zoom on the load power, the FC and SC powers. In this

capture, the load demand is increased from 0.3 kW to 0.8 kW. As can be appreciated, the



proposed GWO based EMS allows to ensure a slow evolution of the FC source under a
step load while the SC allows to respond to the load transient. Indeed, after a short time
(about 4s), the FC is able to supply sufficient power to the load while SCs current is
decreasing to 0.05 kW.
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Fig. 16. Experimental result: FC and SC power responses after a load step (Zoom).

VI Conclusion

This paper has proposed the use of a GWO based energy management strategy (EMS)
for FC-SC powered electric vehicle. The proposed approach exploits the fast optimization
process of the GWO algorithm in order to find the FC reference current, where the
objective function minimizes the DC bus and SCs energies. The proposed strategy design
is detailed and its performances are highlighted under a representative driving cycle. The
analysis is supported by a comparative study with a Filter based EMS. The real-time
feasibility is verified within rapid prototyping system. As perspective to this work, further

researches are envisaged to include comparison with advanced management strategies.
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