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Abstract— To prolong the fuel cell (FC) lifetime, hybridizing an Perceptron | )

FC stack with alithium-ion capacitor (LiC) bank via a new single- HIL Hardware-in-loop SC Supercapacitor
. PP . . . HP- High-performance VSI Voltage Source

stage power converter is promisingin FC hybrid electric vehicles AS- Active Switched Inverter
(FC-HEVs). This configuration requires efficient management of qzst Quasi-Z-source
its FC hydrogen consumption under various driving conditions. Inverter
Hence, this paper puts forward a mode-dependent energy HSP High-specific Power ZSl Z-source inverter
management strategy (EMS) for the application of an FC-HEV, HESS Hybrid Energy Storage ~ ZSN Z-source Network
employing a high-performance active switched quasi-Z-source Systems

inverter (HP AS-qZS]) as its powertrain. Firstly, a supervised
learning-based driving mode predictor is utilized to anticipate the
driving modes of the FC-HEV. A four-mode fuzzy logic controller
(FLC) is subsequently designed and optimized offline by an
improved differential evolution (IDE) algorithm for each driving
mode. Finally, hardware-in-the-loop tests are carried out to
validate the performance of the proposed EMS. The experimental
results analyses demonstrate the improved performance of the
proposed framework, which reduces the FC hydrogen
consumption and the standard deviation of the FC current by
12.67% and 21.31%, respectively, under the studied driving cycle.

Index Terms— Fuel-cell hybrid electric vehicle (FC-HEV),
Fuzzy logic controller, Improved differential evolution, Mode-
dependent energy management strategy.
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I. INTRODUCTION

Fuel-cell (FC) lifetime extension plays a critical role in the
development of fuel-cell hybrid electric vehicles (FC-HEVs)
since the FC systempossesses the highest cost of an FC-HEV
[1], [2]. Integrating high-specific power (HSP) sources which
configure hybrid energy storage systems (H-ESSs) via power
converters, is a promising solution [3]. Being regarded as the
next generation of the HSP sources, LiCs can assist the FC to
decrease its degradation caused by sudden changing loads [4].
These capacitors are constituted by hybridizing the anode of
lithium-ion batteries (BATs) and the cathode of supercapacitors
(SCs). Subsequently, they can preserve the high-power density
of'the batteries and obtain greater energy density than SCs.

Regarding the powertrain, classical two-stage inverters,
composed of a boost converter (BC) and a voltage source
inverter (VSI) is usually exploited in FC-HEVs; nevertheless,
this results in decreased performance and increased systemcost
and volume for these vehicles [5]. To tackle the mentioned
restrictions of the BC-VSIs, the employment of single-stage
power converters based on Z-source inverter (ZSI) topologies
in HESSs has come under attention [4]. These topologies
operate with decreased voltage/current stresses, lower input
current ripples, and higher efficiencies thanks to their shorter
duty cycles, compared to the traditional BC-VSIs. Thus,
selecting a proper ZSI topology for the FC-HEV can contribute
to enhancing its performance and significantly decreasing its
system size and cost. To this end, we proposed a framework
based on the multi-criteria decision-making approach to rank
various ZSI topologies from the worst one to the best one [4].
Consequently, the active switched quasi-Z-source inverter (A S-
qZSI) performed a greater trade-off among multiple criteria
than others for our three-wheel-based FC-HEV. However, this
selected topology is still of large passive component size and
volume. To enhance its usage, a novel HP-AS-qZSI based on
HESS FC/LiCs was introduced to enhance the performance and
reduce the system size and volume for FC-HEVs in our
previous work [6]. This converter is realized by adding one
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power-switching device and replacing the LiC bank with the
regular capacitor into the Z-source network (ZSN) of the
traditional AS-qZSI. In [7], it is shown that the usage of the
HESS FC/LiIC in the HP-AS-qZSI can achieve lower FC
degradation for the FC-HEV than in the conventional two-stage
inverter. To guarantee the LiC operation as an HSP source in
this topology, it is critical to maintain the LiC state of charge
(SOC) in its safe operating range. If the LiC SOC is less than
its limitation, the LiC will just operate as a regular capacitor in
the ZSN. Consequently, the FC systemhas to deliver its power
at quick transient loads. This leads to sudden FC current
variations which negatively influence the FC lifetime.
Moreover, this would cause an unstable DC-link voltagein this
topology since its DC-link is not adjusted by any controller,
resulting in the poorcontrol quality ofthe electric motor. Thus,
the adoption of an appropriate EMS would contribute to not
only a reduction in the FC hydrogen (H,) consumption and the
FC lifetime enhancement butalso maintaining the operation of
this new HESS FC/LiC configuration.

A variety of EMSs have been implemented for efficient
energy distribution in FC-HEVs. Regardless of the HEV type,
the existing EMSs can be categorized into rule-based,
optimization-based and learning-based ones. Fuzzy logic
control (FLC) [8] and deterministic control [9] represent
primary types of rule-based EMSs. These methods are
commonly heuristic and result in non-optimal solutions;
nonetheless, straightforward to execute in real-time
applications. For instance, the effectiveness of the real-time
FLC has been already indicated in [8], where it can meet the
energy requirement among various ESSs for unknown driving
cycles in FC-HEVs. Optimization-based EMSs, on the other
hand, are split into global optimal and real-time ones.Dynamic
Programming (DP) and Pontryagin’s Minimum Principle
(PMP) are instances of the global one [10], [11]. The
employment of the DP algorithm for the power distribution in
the FC-HEV s discussed in[12]. In [11], the PMP is applied to
minimize the energy consumption of the BAT for the HEV.
These approaches implement the cost function over a
predefined driving cycle, which is useful for obtaining the
global optimal benchmark. However, they are difficult for real-
time operations because of high computational cost and the
reliance onthe driving cycle. Concerning real-time EMSs, these
strategies give sub-optimal choices. In this respect, their cost
function is instantaneously carried out by the system variables.
The real-time optimization strategies are well documented,
namely Equivalent Consumption Minimum Strategy (ECMS)
[13], [14] and adaptive PMP [15], [16]. The main drawback of
these approaches is high instantaneous computational time;
thus, they might require powerful hardware capability to realize
in real-time applications.

With the advancement of artificial intelligence, learning-
based EMSs are widely utilized for learning optimal behavior
control [17], recognizing driving patterns [18], [19], and
optimizing rule-based control [20]. The deep Q learmning-based
EMS is realized for HEVs in [17], where the fuel economy can
be approximate to the global optimum. In [18], a driving mode
predictor (DMP) based on supervised learning is explored to

enhance the performance ofthe PMP-based EMS in HEVs. As
pointed out, the use of information on driving patterns has a
significant effect on the EMS performance in HEVs. Moreover,
an adaptive FLC using a neural network classifier-based driving
pattern recognition in the FC-HEV also leads to a reduction of
8.89% in the hydrogen consumption and 12.23% in the FC
current variation, compared to the conventional optimal FLC
[21]. In [20], reinforcement learning is investigated to improve
the allocation strategy ofthe BAT SOC for HEVs. The benefits
ofthese approaches are robustness and highly adaptive learning
capability without the need for human intervention;
nevertheless, they might be hard to execute in real-time due to
the large amount of required complex computation.

So far, several rule-based EMSs have been investigated in
dual-source ZSI topologies for various applications. Frequency
dividing coordinated control strategies are proposed for HESS
SC/BAT ZSI and Bq-ZSI to minimize BAT aging for HEVs
[22], [23]. Concerning renewable energy applications, a
twofold EMS is studied to distribute power for a BAT energy-
stored qZSI in [24]. In [25], an FLC-based EMS is employed in
a multi-port qZSI. Nonetheless, these strategies might provide
poor energy performance since they are not designed by
optimization methods or considering driving conditions. To fill
this gap, the usage of an online EMS considering driving
patterns to enhance the energy performance in the HESS HP-
AS-qZSI can be practiced. On the one hand, the utilization of
multi-mode strategies enables the systemto transition between
various operational modes depending on the current driving
scenario. This approach ensures an efficient allocation of
energy among the fuel cell system, the battery, and additional
energy storage systems, thereby optimizing fuel consumption
and extending the lifespan of the components. On the other
hand, fuzzy logic controlis adept at managing the nonlinearities
and uncertainties characteristic of the dynamic driving
conditions and energy requirements of FCHEVs. It can adjust
to variations in vehicle speed, acceleration, road incline, and
other environmental factors, facilitating optimal energy
management in real time. Fuzzy logic controls are
comparatively straightforward to design and implement. They
do notnecessitate a precise mathematical model of the system
rendering them resilient to fluctuations in the vehicle's
dynamics and external conditions. Consequently, the synergy
of these two approaches has made significant interest in the
field of energy management strategy design.

In light of the above-discussed matters, this paper
investigates amode-dependent EMS, constituted by a DMP and
four optimized FLCs for an FC-HEV. This system uses the
HESS HP-AS-qZSI as its powertrain consisting of an FC
systemand a LiC bank. To the best of the authors’ knowledge,
this work is one of the first attempts to combine both the
supervised learning-based DMP and the multi-FLCs in the new
HESS FC/LiC configuration ofa Z-source inverter topology for
an FC-HEV application. Beyond the theoretical study, this
paper is performed around a recreational three-wheel FC-HEV,
which regularly experiences high dynamics. Thus, the design of
a proper EMS can lead to superior energy performance in terms
of the hydrogen consumption and lifetime of the ESSs. The
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main contributions of this paper are expressed as follows:

e It proposes an online mode-dependent EMS in a novel
dual-source Z-source inverter topology to improve the
energy performance regarding the FC hydrogen
consumption and FC lifetime for an FC-HEV.

o It presents the employment of an IDE algorithm to
optimize the membership function (MF) parameters of the
FLC-based EMS.

To validate the performed analysis, a power hardware-in-the-

loop (HIL) setupis designed for this purpose.

The rest of the paper is structured as follows. Section II
carries out the modeling description of the vehicle powertrain.
The framework for designing the proposed EMS is presented in
Section III. Section IV provides the obtained results and
discussion with HIL validations, followed by the conclusion
section.

II. STUDIED ELECT RIC VEHICLE POWERTRAIN ARCHITECTURE

A. Configuration and Specification ofthe three-wheel FC-HEV

The studied EV, as described in Fig. 1, is a three-wheel
recreational vehicle (e-TESC-3W platform) from University of
Sherbrooke. To decrease its system size and volume and
enhance its performance, a HESS FC/LiC configuration
employing a novel HP-AS-qZSI was proposed for this vehicle
in our previous work [6]. In this topology, the capacitor C, of
the HP-AS-qZSI was replaced by a LiC bank operating as both
aregular capacitor and an HSP source. This enables the LiC to
deliver/restore  high-frequency powers immediately in
acceleration/regenerative braking operations and maintain the
operation of the HP-AS-qZSI. To further improve its usage, the
LiC bank is repositioned at the capacitor C; of the ZSN in this
work as presented in Fig. 1. The parameters of the studied
vehicle are illustrated in TABLE L

B. Dual-Source High-Performance Active Switched Quasi-Z-
source Inverter and Hardware-in-the-loop Platform

The modified dual-source HP-AS-qZSI based on HESS
FC/LIiC for the studied 3-wheel FC-HEV is given in Fig. 1. In
[6], the LiC current in the HESS HP-AS-qZSI can be greater
than the FC currentunderthe fast acceleration operations ofthis
vehicle. The shoot-through of the HESS HP-AS-qZSI is close
to zero, thus its ZSN will not operate in this case. Consequently,
this topology has turned into an inverter circuit with the FC and
LiC in serial connection. This has a serious impact on the FC
lifetime due to the starvation phenomenon. To resolve these
issues, by adjusting the LiC bank position in the ZSN, the HESS
FC/LiC is considered as a parallel connection via the ZSN. The
operating principle of this converter can be found in [6].
Regarding the model of the HP-AS-qZS], it is performed on the
OP4510-based FPGA with a very fast time-step by using the
discrete circuit model of power-switching devices to capture
their fast transients. In this sense, the Pejovic Switch Model is
employed to represent the switch model in RT-Lab software
from Opal-RT. This model is realized by a conductance
connected in parallel with a controlled current source in [26].
To model the GaN switching device, its power device
parameters should be variant according to the operating
conditions, and its static current-voltage (I-V) characteristics

should be paid attention. However, to simplify the evaluation of
the proposed EMS, a simple model of the GaN device is used
to execute the HP-AS-qZSI in this work. It is carried out by
inserting the parasitic capacitances and gate resistances into the
accessible MOSFET model from RT-lab software in Fig. 1. For
the purpose ofthis work, areduced scale HIL set-up is designed
to verify the proposed EMS performance as illustrated in Fig.
2. In this setup, the HESS FC/LiC HP-AS-qZSI is executed on
the OP4510-based FPGA, and the TMS320F28335-based
experimenter kit is utilized to carry out the control algorithm,
where the proposed strategy is executed.

Regarding the FC system setup, a Horizon 500-W air-
breathing PEMFC coupled to a National Instrument
CompactRIO via its controller, is used. The FC controller
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adjusts the mounted axial fan which is employed for cooling the
FC stack and providing the required oxygen. An 8514 BK
precision DC electronic load which is connected to the FC
controller, is used to represent the obtained FC power profiles
from the OP4510. Therefore, this setup allows evaluating not
only the used FC model on the OP4510 but also the results of
the proposed EMS in a real FC system. Accordingto TABLE 1,
the three-wheel FCHEV has a 14.4 kW FC system. In this sense,
the FC power in Op4510 is scaled down to meet the limited
power of the PEMFC in the HIL. To emphasize the significance
of the LiC real behavior in the HESS FC/LiC HP-AS-qZSI
while designing an EMS, LC0200-380-ASW LiC cells are
connected to the DC electronic load (IT6000C Bidirectional
Programmable) to figure out their real characteristics.

C.Fuel Cell Model

To estimate the output voltage of the PEMFC, a semi-
empirical model investigated by Squadrito et al. [27] is applied
in this study. This model enables its predicted data to match
with the experimental ones over the entire range of the current
density with great accuracy. It has only four parameters that
need to be tuned,in which they are extracted off-line by using
the IDE algorithm. The appropriateness of this steady-state
model has been already verified for energy management
applications [12]. In this sense, the FC characteristic curve
illustrates the relationship between the cell potential (1) with
the actual current density (J). The FC voltage (V) can be
determined as follows:

Ve = N[V, = blog(J) — RinJ + of In(1 = f])] M

where N and b show the number of FC cells and the Tafel slope,
respectively; R, represents the cell resistance,and a denotes a
semi-empirical parameter relating to the diffusion mechanism;
o gives a dimensionless number with respect to the water
flooding phenomena; [ illustrates the inverse of the limiting
current density. The comparison of the predicted and
experimental data for the PEMFC is presented in Fig. 3. As is
seen, the used FC model can imitate the real FC behavior with
high accuracy based on the reported mean square error (MSE).

D. Lithium-ion Capacitor Model

Due to small voltage fluctuations in charging/discharging
processes, the LiC operating voltage range (2.2V to 4.2V) is
more constant than that of the SC (OV to 2.7V). This enables it
to obtain a steadier dc-link voltage in the HP-AS-qZSI and
remove the requirement of a pre-charging circuit owing to its
greater energy and power density. These merits make it suitable
for the HP-AS-qZSI to support the FC system under high-
dynamic and fast-changing loads in FC-HEVs. In this paper, the
LiC is characterized by a traditional equivalent circuit model,
composed of a capacitance element (C,;-) and an equivalent
series resistance (Ry;¢). Its electrical behavior is determined as:

. iLic(Hdt

upic(O) = Rycipic(t) +f MET tuyet —1) ()
where u;;- and u;;-(t,) denote the LiC terminal voltage and
open circuit voltage, respectively; i;;. illustrates the LiC
current.

The LiC capacitance severely relies on its voltage, which can
be derived by the modified Stern model of the electrochemical
double-layer capacitance.

_ 1 1
Crictw) = PR S 3)
a;( >
AV = Voey—ric — szc 4

where ay, and a, ,; are empirical parameters extracted by
minimizing the mean square error based on the experimental
data. Vocp_pic expresses the open circuit voltage and V.
provides the neutral voltage.

The depth of discharge (DoD) of the LiC can be calculated

as:
[ i)t
DoD(1) = f 36000, ¢ )
where Q;;- denotes the amount of the stored charge of the LiC.
The relationship between the V¢, _;;c and the DoD can be
expressed by a linear function as follows:

Vocv —1ic(t) = p1DoD(t) + p, (6)

where p; and p, are factors that are estimated from the experimental
data.

The LiC bank includes a series-parallel combination of LiC
cells. Its specifications are presented in TABLE 1. Fig. 4
compares the estimation of the LiC output voltage with
experimental data. As is noticed, the estimated LiC voltage
shows a great agreement with the measured one, indicating the
accuracy of the studied LiC model.

TABLE I
FULL-SCALE SYSTEM PARAMETERS
Parameters Symbols Values
Vehicles (e-TESC-3W platform)
Vehicle mass Meq 350 kg
Vehicle front area Aaero 125 m?
Wheel radius r 0.305m
Belt transmission drive ratio Ggp 5.033(30:151)
Belt transmission drive efficiency Theb 95%
Maximum vehicle speed VEV.max 140 knv/h
PMSM parameters
Phase inductance Ly Lg 62-110 pH
Rotor inertia J 0.096 kg.m?
Internal phase resistance R 0.0027 Q
Number of pole pairs P 5
HESS FC/LiC HP-AS-qZSI parameters
Inductance Ly, Lpc.vsi 0.2 mH
DC inductor resistance Ry, Ry BC.vst 12.56 -27.06 mQ
Capacitance Cy, Caeovsi 22-44mF
Switching frequency fs 10 kHz
On resistance rps 252 mQ
Internal gate resistance Rg 03Q
Input capacitance Ciss 520 pF
Output capacitance Coss 420 pF
Reverse transfer capacitance Crss 6.2 pF
Fuel cell parameters
Number of cell stacks Nrc 75
Rated power Ppr 14.4 kW
Lithium Ion Capacitor parameters for HIL validation
Operating voltage range Viics 22V-42V
Neutral voltage Voze 3V
Capacitance Cric 200 F
Equivalent series resistance Resr 45 mQ
Number of serial cells Nszsi, Ns-Bc-vsi 28-28
Number of parallel cells Np.zs1,, Np.c.vst 17-17
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HII. PROPOSED ENERGY MANAGEMENT STRATEGY

A. Energy Management Strategy Framework

The framework of the suggested EMS is given in Fig. 5. As
is observed in this figure, this framework is constituted by three
essential parts, namely the IDE-based FLC optimization,
driving mode predictor (DMP) and multi-mode FLC. The IDE
algorithm is utilized to optimize off-line the MFs of four FLCs
by the parts ofthe WLTC driving cycle. The DMP predicts the
driving mode at each sequence and consequently activates the
proper FLC-based EMS to fulfill the required FC power in real-
time operation. The development of each part is presented in
detail hereinafter.

B. Multi-mode Fuzzy Logic Controller

To operate in real-time without prior knowledge of the
driving cycle, the proposed mode-dependent EMS should be
implemented efficiently to embrace all the driving conditions.
In this work, the Gridsearch Multilayer Perceptron (GMLP)
classifier-based DMP is applied to figure out the operating
mode for the FC-HEV. This DMP is trained by only the WLTC
driving cycle, clustered into four driving modes as shown in
Fig. 6. Since each cluster possesses a small data volume, this
method leads to a less time-consuming optimization process for
all the driving data. This makes it suitable to integrate into the
proposed strategy. However, this work pays more attention to
the proposed framework, and the DMP has been discussed in
[18]. Four Mamdani type-based FLCs, specifically FLC Low
(FLCL), FLC Medium (FLCM), FLC High (FLCH), and FLC
Extra High (FLCEH) according to the operating modes of the
vehicle, are adopted to design the proposed mode-dependent

EMS. These FLCs are implemented for each driving mode and
then integrated to form the suggested strategy. Each FLC is of
three inputs, including requested power (B..,), the derivation
of the requested power (4B, ),and the LiC SOC. The selection
of the 4B, as an input in these FLCs allows theuse of the FC
systemin a more stable manner. The output ofthe FLCs is the

portion ofthe B, from the FC system. The inputs are
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Concerning the rule of the FLCs, they are realized based on the
heuristic knowledge of'the FC systembehavior as illustrated in
Fig. 7. In this respect, the input of the FLCs is classified into
three fuzzy linguistic domains, such as ‘Low’ (L), ‘Medium’
(M) and ‘High’(H); their output is represented by ‘Very
low’(VL), ‘Low’ (L), ‘Medium’ (M), ‘High’ (H) and ‘Very
high’ (VH). These linguistic values are defined by Trapezoidal
MFs. Nonetheless, choosing appropriate elements of the MFs
has a significant impact on the FLC performance [21].
Traditionally, they are manually tuned, which may notresult in
optimal choices. In this study, the IDE algorithm is used to
figure out the MFs of the four FLCs by using parts of the
WLTC, which leads to better FC performance in terms of its
lifetime and hydrogen consumption. For instance, the training
dataset for determining the MFs of the FLC-L can be derived
by combining the required power profiles in the Low modes of
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the WLTC from time intervals: [0, 259], [279, 649], [988,
1076], and [1454, 1505] in Fig. 6. In this regard, the required
power is achieved by dynamically controlling the FC-HEV
operations following to the WLTC, in which this EV model can
be developed by using Energetic Macroscopic Representation
method as presented in [1]. Moreover, the number of
generations and the population size are set to 50, and 100,
respectively. The crossover probability and scaling factor are
selected randomly from 0.4 to 0.7, and 0.7 to 1, respectively.
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C.Improved Differential Evolution-based FLC Optimization
To optimize the MFs of the four FLCs, the IDE is carried out
by minimizing the objective function in (9). Different from the
conventional differential evolution (DE) algorithm, by utilizing
multi-mutation operators in the mutation phase, the IDE can

perform improved results by efficiently balancing between the
global exploration and local exploitation searches. The
effectiveness of this improvement has been shown in our
previous work [6], where this method illustrates superior
performance at optimizing gains of Linear—quadratic regulator
(LQR) controllers. Consequently, the IDE-based LQR brings
about better dynamic performance for the FC current control
than the DE and genetic algorithm (GA)-based LQR. The
process flowchart of the proposed IDE-based FLCs in the off-
line mode is expressed in Fig. 9. In this flowchart, various sets
of MF parameters are first realized by the IDE algorithm. These
gains are then employed to simulate the HESS FC/LiC
configuration based on their models on Matlab/Simulink.
Afterward, the simulation results are used to evaluate the
objective function. Once the MF gains of the FLCs are
determined, they can be employed in the mode-dependent EMS
in an online mode. The procedure of the IDE algorithm is
presented as follows:

Initialization: A population with N individuals is randomly
produced from the searching space, where each one represents
a target vector x; with ¥ design variables (i = 1,V), derived by:

X = x} +rand [0,1] - (xj“ - x]l) (®
where x]l- and x} illustrate the lower and upper constraints ofx;,
respectively.

Objective function: To extend the FC lifetime and reduce
the H, consumption, weighting factors should be used to
convert these two objectives into one objective. However, we
consider them as the same priority in this study, thus the
following objective function is employed:

Optimal gains

Delta > tolerance
and Gen < Gen_ma;

membership functions

imulate the system by off- |
line Matlab/Simulink !

.
Calculate the gains of FLC) |
S

Generic operator

1. Mutation
- 2. Crossover

@valuate the fitness function) | .
| 3. Selection

Irc

feys = min [sum (Axc) +
sum (Irc) + Jp]

Fig. 9. Process flowchart of optimizing the FLC using the IDE algorithm.
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fems = J Ipcdt + JlAIFC|dt+]p1
S.t: Preq = Pric + Prc
0 < Ppe < 144kW )
0 < I <300A
—5kW < APy < 5 kW
0.3 <S50C,:<0.9
0 if03< SoC <09
10 - feys if SoC > 0.9 or SoC < 0.3
factors; Al shows the derivation of the FC current (/).
Mutation: A mutant vector (v;) is defined by four mutation
operators, “rand/1”, “rand/2”, “best/1” and “best/2”, based on
each x, In this stage, these operators will be adaptively
employed during the searching operation:
if (delta = threshold)
if cand [0.1] = 0.3
Choose aimlessly r, + rp # 13 # ii= LN

where J,; = { is the penalty

rand/l: vy = xpq + SF {x0— 2pq 1
else
Choose aimlessly r, 2 i £y 2R 2Li= N
rand2: v = xy + SF Az x50~ 5F (20— x50
end
glze {delta <= threshold)
if rand [0,1] > 0.3;
Choose aimlessly r, # r, = best = i,i = LN
best/l: vy = g0 + SF (apq— 2010
else
Choose aimlesslyr, = 2y 2z best 2 Li = 1N

besti2: 1, = Xp o ¥
end

end

+ SF {x j=25) +85F (x =%

T4

where 7;, 15, 13, 7, and 1 are randomly selected from 1, N so
that r;, # r, # 1y # 1, # 15 # i; SF shows the scale factor,
aimlessly generated in [04, 1.0]; x,. denotes the best
individual in the existing population; and delta is calculated by:

delta = abs (M - 1) (10)
ﬁlest

where f,,,; illustrates the value of the cost function for the best
individual; f,,.., gives the mean one for the whole population.

Crossover: A trial vector u; is figured out by using a
binomial crossoveroperation as:

: {vi_j if rand [0,1] < CR
2 X; j otherwise
where CR gives the crossover control parameter, randomly
chosen in the interval [0.7,1].

Selection: To retain good information for the next
generation, the selection stage employs the elitist selection
method. Firstly, the offspring population O, consisting of all u;
generated from the crossover phase, is merged with the parent
population P of the x; to figure outa mixing population M. The
new population is then organized by selecting the N best
individuals in M for the upcoming one.

(11

I'V. RESULTS AND DISCUSSION

To assess the effectiveness of the proposed mode-dependent
EMS, a comparative analysis is performed in this section. In

this respect, two primary scenarios are taken into consideration.
The first one is implemented in offline Matlab/Simulink by
simulating only the HESS FC/LiC configuration without power
converters. The second one is conducted on the developed HIL
setup in Fig. 2 to verify the real-time operation of the proposed
EMS in both the HESS HP-AS-qZSI and the HESS
conventional BC-VSI for the FC-HEV.

In the first scenario, the performance ofthe proposed mode-
dependent EMS is compared with offline optimized EMSs
using the IDE algorithm regarding hydrogen consumption over
three driving cycles: FTP, NEDC, and WLTC class 2. In this
respect, the FLC-based EMS is figured out by optimizing its
MFs based on the whole WLTC driving cycle. By contrast,
other EMSs, namely FLCL-based EMS, FLCM-based EMS,
FLCH-based EMS, and FLCEH-based EMS are determined by
only using parts of the WLTC driving cycle. The 14.4 kW FC
systemis utilized in this scenario. Fig. 9 indicates the attained
simulation results of the proposed EMS for the FTP driving
cycle. Fig. 9a shows the speed and predicted driving mode of
the vehicle. The requested and HESS powers are presented in
Fig. 9b. From these figures, it can be noticed that the FC system
is being employed to deliver the average portion of the
demanded power, while the LiC is mostly responsible for
providing/absorbing the high-frequency energies
instantaneously. The comparative analysis results are provided
in Fig. 11, where the proposed EMS has achieved a reduced
total H, consumption over others. Therefore, using a single
optimized EMS makes it difficult to allocate energy efficiently
under various driving conditions. In the second scenario, to
illustrate the capability of the proposed mode-dependent EMS,
its performance is firstly assessed in both the HESS HP-AS-
qZSI and the semi-active FC/LIiC traditional BC-VSI. Then, the
FLC-based EMS and rule-based EMS are compared to this
proposed strategy in the HESS FC/LiC HP-AS-qZSI. These
evaluations are performed under three driving cycles, namely
FTP-short, NEDC-short, and WLTC-short. In this regard, the
FTP-short driving cycle is realized from time Os to 340s of the
FTP, while the NEDC-short and WLTC-short driving cycles are
extracted from their original ones from time 800s to 1200s, and
600s to 1000s, respectively. Moreover, the rule-based EMS is
developed by using a six states-based EMS as discussed in our
previous work [7]. Fig. 12 indicates the waveforms of the
vehicle speed and its predicted mode achieved from the
experimental HIL under the FTP-short driving cycle. As is
observed, the speed shows a great agreement with its reference
under various operating modes of the FC-HEV. Regarding the
operation of the proposed EMS in two HESS FC/LiC
configurations, it can be realized by waveforms ofthe FC, LiC,
and demanded powers in Fig. 13. According to this figure, the
power distributed by the suggested EMS can satisfy the
requested powers, and the LiCs frequently discharge their
power to decrease the FC stress under the fast transient of the
demanded power. Moreover, the HESS HP-AS-qZSI performs
a lower FC power than the HESS conventional one. This is
mainly because this topology obtains a reduced requested
power thanks to its higher efficiency. With respect to the
performance of the proposed EMS, the experimental results of
the FC, LiC, and requested powers using the FLC-based EMS
and the rule-based EMS in the HESS HP-AS-qZSI are given in
Fig. 14. Based on Fig. 13a and Fig. 14, the FC power can be
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significantly decreased by using the proposed EMS. This
contributes to a reduced H, consumption over others.

Consequently, the LiC SOC of the suggested one is lower
than that ofthe others since its LiC supports as much as possible
power to reduce this consumption in Fig. 15. The comparative
results obtained from the experimental HIL over three driving
cycles are given in Fig. 16. The total H, consumption in two
topologies is illustrated in Fig. 16a. As is seen, by using the
proposed EMS in these two topologies, the total H,
consumption of the HESS HP-AS-qZSI is 2.022 g, 1.92 g, and
1.825 g, whereas that of the HESS traditional oneis 2.073 g,
2181 g, and 1.859 g for the FTP-short, NEDC-short, and
WLTC class2-short, respectively. These results are primarily
dueto lower FC current ripples and reduced required powers in
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Fig. 10.Simulation results of the vehicle speed and HESS powers, (a) the
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the HESS HP-AS-qZSI, compared to the HESS BC-VSI. Based
on Fig. 16a, the utilization of the proposed strategy in the HESS
FC/LiC HP-AS-qZSI leads to a decrease in this consumption by
2.46%, 11.96%, and 1.83%, respectively over the HESS
conventional one under the three driving cycles. Compared to
the rule-based EMS, the proposed one also allows to reduce
remarkably thetotal H, consumption in the HESS HP-AS-qZSI
from 12.76% for the FTP-short, 17.09% for the NEDC-short
and 14.63% for the WLTC class2-short. The standard deviation
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of the FC current can be determined using Fig. 16b. From this
figure, the suggested one decreases this result in the HESS
FC/LiIC HP-AS-qZSI from 21.31% for the FTP-short, 8.01%
for the NEDC-short and 27.4% for the WLTC class2-short,
compared to the rule-based EMS. Furthermore, its deployment
in the HESS FC/LiC HP-AS-qZSI results in reducing this index
by 11.57%, 3.89%, and 4.51%, respectively over the
conventional HESS one. The above analysis shows that the FC
hydrogen consumption and current variation are notably
reduced by employing the proposed mode-dependent EMS.

Total H2 consumption [g]

Proposed EMS in HP-AS-qZS1 [[_|Rule-based EMS
FLC-based EMS [ IProposed EMS in BC-VSI

L N

NEDC-short WLTC class2-short
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Standard deviation of the FC current [A]
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FLC-based EMS [ Proposed EMS in BC-VSI
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Fig. 16. The experimental results of the FC performance indexes.

FTP-short
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V.CONCLUSION

A mode-dependent EMS is implemented to improve the
energy performance for a 3-wheel FC-HEV with a HESS
FC/LiC configuration using the HP-AS-qZSI. This strategy is
primarily constituted by a GMLP classifier-based DMP and a
multi-mode FLC. Firstly, four FLCs are realized offline by an
IDE algorithm based on the predicted driving modes of the
WLTC driving cycle. The DMP recognizes the driving modes
and triggers the most suitable FLC at each update to efficiently
fulfill the FC power for the vehicle. The performance of the
proposed EMS is then compared to offline optimized FLCs
under three driving cycles of FTP, NEDC, and WLTC. The
reduced-scale HIL is finally executed to verify the effectiveness
of the suggested strategy in real-time operation under the
investigated driving cycles.

The HIL experimental results have illustrated that the
proposed EMS performs a decrease in the H, consumption and
the standard deviation ofthe FC current by 12.67% and 21.31%,
respectively underthe FTP-short driving cycle, compared to the
rule-based EMS. These results indicate that the proposed EMS
will be a potential framework to improve the energy
performance of a three-wheel FC-HEV in terms of the FC
hydrogen consumption and current fluctuation. Furthermore,
this suggested framework can also be extended to other FC-

HEV applications. To further broaden this work, the effect of
component sizing on the performance of FC-HEVs based on the
dual-source HP-AS-qZSI will be evaluated. Additionally, a
detailed model of the GaN device considering its thermal
management will be investigated on the real-time simulator to
develop the powertrain of the FC-HEV.
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