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In this paper, we present a new approach for the optimization of energy management of the
hybridization of three sources battery/Fuel Cell/Photovoltaic (B/FC/PV) vehicles
configurations in order to reduce hydrogen consumption. An advanced control optimization
strategy is proposed using an artificial intelligence (Al) algorithm carried out in a
Matlab/Simulink environment. The power control of the fuel cell is obtained by regulating the
powers of the two other sources as well as the state of charge (SOC) of the battery with
hybridization via a parameter Py (parameter of hybridization). The regulation of the power of
both battery and the solar PV system is achieved to the regulation of the DC bus voltage
according to the reference current of the fuel cell during the optimization of the output value
via a parameter Po (parameter of optimization). The activation outputs of the three sources are
generated by the Al algorithm developed while including the dynamics and the
profile/condition of the road as well as the demand of the vehicle. An optimization is proposed
via the introduction of two parameters P+ and Po, during phases of high energy demands. The
results show that the proposed strategy will provide a new approach for the advanced energy
management system for hybrid vehicles.

1. INTRODUCTION

Nowadays, electric vehicles (EVSs) are widely considered as
an effective and one of the most suitable alternatives to reduce
greenhouses gas (GHG) emissions in transportation
applications. This is mainly due to a reduction of local and
global emissions, given that these are not produced during
operation, but during the electricity production stage, which
uses more efficient processes. Therefore, the switch from
internal combustion engines to EVs will certainly lead to
changes in the transportation sector in what concerns its
environmental impacts for society [1]. The limits of electric
vehicles using only the battery as the main source of energy are
the aging phenomena as well the charging time. To overcome
these issues, research is now focused on hybrid electric vehicles
(HEVs) with fossil fuel or renewable energy sources. Fuel cell
or hydrogen vehicles represent a great investment interest for
car manufacturers due of their several advantages such as a
zero-pollutant gas emission rate, resulting in a reduction of air
pollution and a great deal of autonomy [2, 3]. Proton exchange
membrane fuel cells (PEMFC) are widely used in
transportation applications. One can cite the advantages of this
FC as lower operating temperature, which is an important
parameter in the starting of the vehicle. PEMFC technology
has been widely used, especially in vehicular applications
where the power delivered is between a few kW to several
hundred kW. There are several types of commercially
available FCs, such as proton exchange membrane (PEM)
FCs, solid oxide (SOFCs), alkaline FCs, direct methanol FCs
[4-6].

In the literature, several strategies are presented to solve the
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problem of energy management from multiple sources. We can
cite the work of designing models identified online using the
adaptive recursive least square method (ARLS) to search for a
variation in FCS performance, with an optimization algorithm
in order to find the best operating points for efficiency and
power, using the Pontryagin’s minimum principle, for a FC-
HEV [7]. An improved genetic algorithm (GA), is designed to
optimize both the fuzzy rule base and the parameters of the
membership functions, implemented for highway fuel
economy certification test, the proposed approach is
implemented in real time [8]. Works are presented, concerning
strategies improving the efficiency of FC-HEV systems, as
well as energy control, based on fuzzy logic techniques for FC
/ battery system, this control is well indicated, in terms of
management of the exchanges of power between the FC, the
battery and the solar PV system [9, 10]. Adaptive online
optimization algorithms in an FCHEV are proposed, also, and
a development of an energy management strategy is carried
out, which is health conscious based on accurate estimation of
degradation to improve the durability of the system [11-13].
Several adaptive algorithms and based on fuzzy logic are
developed by the authors, by associating an operating mode
control (OMC), with implementation of optimization of these
strategies by offline simulation via a combined driving cycle
[14-16]. There are more and more studies on strategies based
on neural networks, and wavelet strategies, requiring more
electronic equipment which increases the cost of HEV [17-19].
The proposed system is designed to meet power demands
during the different phases of driving the vehicle. The
objective is to make this system more efficient and reduce the
consumption of hydrogen with an increase in the lifetime of



the FC. This work proposes a new hybridization strategy of
three sources (battery, FC and solar PV) with energy
optimization, based on an Al algorithm, exploiting two blocks
of parameters named Py and Po. Figure 1 shows the global
scheme of the proposed HEV. This paper is organized as
follows. Section 2 and 3 describe the models of FC system,

solar PV, Battery, electric motor, vehicle’s dynamic, and the
control of the different power converters used, the regulation of
the speed and the voltage of the bus DC. Section 4 presents the
proposed energy management strategy. Simulation results are
presented and discussed in section 5. Finally, a conclusion is
given in Section 6.
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Figure 1. Global scheme of the FC/BATTERY/PV hybrid electric vehicle

2. FC/PV/IBATTERY HYBRID ELECTRIC VEHICLE

Figure 1 shows an FC/PV/Battery configuration, which is
the HEV model used in this work. In HEVs, electric traction
is ensured by engines with sophisticated performance, such as
small size, high power density, and high efficiency.
Verifications are carried out on the type of permanent magnet
motor model having feasibility for high torque density
performance [20, 21]. This engine can achieve a wide speed
range. Since the hybrid vehicle is non-linear and multivariable,
the FLC model is more suitable for energy management [22].

2.1 Dynamic modeling of the PEMFC

The FC model used in this article is realized in
MATLAB/Simulink. The relationship between the molar flow
rate of hydrogen through the valve and its partial pressure
inside the channel is expressed by relationship (1) [23].

u,

(1

Important factors constituting the molar flow rate of
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hydrogen are the hydrogen input rate, the hydrogen output rate
and flow of hydrogen during the reaction [23]. Relationship
(2) indicates these factors.

_RT
(qH2 _QHZ _qHz)

a

dt 2

The relationship (3) calculates the reacted hydrogen flow
rate, and that according to the basic electrochemical
relationship between the FC system flow and the hydrogen
flow rate.
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By applying the Laplace transformation, and Eqns. (1) and
(3), the hydrogen partial pressure can be obtained according to
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Similarly, the partial pressure of water and oxygen can be
calculated. The polarization curve of the PEMFC is obtained
from the sum of the Nernst voltage, the activation voltage, and
the ohmic overvoltage. The expression (6) give the output
voltage of FC while respecting the simplifying assumptions
concerning the temperature and the oxygen concentration
which are constant [24].

Veen = E + 1act + Monmic ©)

C

where, the activation voltage can be expressed as:
Mact = _Bln(CIFC) (7)

And the ohmic overvoltage can be given by the following
formula:

T7ohmic = _Rintl FC (8)

So, the formula (6) can be expressed as follow [24]:

B RT Pa, v/ Fo,
E= '\'{EO *zp"’g[%ﬂ )

The quantity of hydrogen available from the hydrogen
reservoir is given by:

N_I
req __ o~ FC 10
ar’ Y= (10)

The FC system produces the DC output voltage, depending
on both the hydrogen and oxygen flow, and the configuration
of the FC system [25]. The oxygen flow rate is determined
according to the ratio r;_,, representing the hydrogen-oxygen
flow ratio [24].

2.2 Solar PV system modeling

As part of the simulation, we have modeled the solar PV
system as well as Maximum power point tracking (MPPT)

control in Matlab/Simulink environment [26]. The current-
voltage characteristic of a PV array can be described as follows:

q(VP\/+|P\/RS VPV
Loy =171 — 1| Xp(B LTSy _p | 2P
PV np ph rs|: Xp( AKT?]S ) Rsh (11)

2.3 Battery modeling

In this section, the dynamic model of the lithium-ion battery
is presented. The battery output voltage can be expressed as
follows:

Vb

=V, —i,.Z. (12)

at q

[

When there is no external load connected, the open circuit
battery voltage is the electrical potential difference between its
two terminals. The voltage of the battery in open circuit which
depends on the SOC is calculated according to the formula
below [27, 28]:

V,,(SOC,, ) = ~1,031xexp(—35x SOC,,, ) + 3,685 +
0,2156x SOC,,, —01178x SOCZ, +0,321xs0c?, (13)

bat bat

The SOC of battery can be expressed as:

i a
SOC,0; = SOCpa_init — fcb—tdt (14)

bat

The equivalent internal impedance (Z,) of the battery in Eq.
(12) consists of a series resistor (Rgeries) and two RC sub-
circuits. The first is composed of a resistance Rrtransient s
mounted in parallel with a capacity Crransient s, the same
assembly for the second sub-circuit having a resistance
Rrransient L connected in parallel with a capacity Crransient - The
instantaneous voltage drop across the battery is due to the
resistance Rgeries effect. The components of the Resistance
Capacity (RC) sub-circuits are responsible for the transient
short and long-lasting regimes of the internal impedance of the
battery. The values of Reries, RTransiem_S, CTransiem_S, RTransiem_La
and Crnsient 1 @s a function of SOC of the battery can be
calculated because of empirical equations obtained
experimentally [27]. The lithium-ion battery model used in the
hybrid system is designed in the Matlab/Simulink
environment [29].

Figure 2 illustrates the dynamic model of the electrical
vehicle carried out with SimDrive tool.
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Figure 2. Dynamic model of the vehicle under SimDrive



3. PROPOSED CONTROL STRATEGY

This article deals with energy management in a FCEV. The
proposed method is to find the best energy distribution between
the three sources used: the PV, FC and the battery. The main
objective is to minimize the hydrogen consumption by giving
priority to the PV source and the battery, keeping the level of
the charge state of the battery, in an optimal range. Exact
calculation of Py and Po parameters is performed over
overlapping regions to limit FC power and meet instantaneous
energy demand.

3.1 Speed regulation

Figure 3 shows the internal block diagram of the PI
regulator used. Due to the inertial property of the integrator,
significant error can cause overruns [30]. Figure 4 shows
optimization of the Iy reference current to gain system
dynamics. In the PMSM command, we implemented an
optimization algorithm for the current iq, illustrated in Figure
5.
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Figure 5. Simulink block of ig-ref current optimization

Eqns. (15) and (16) noted below, we provide the d-q
components of the stator current.

=~
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(16)

i"ys and "4 are the components of the reference stator
current, A% is the value of the rotor reference flux, and L,, is
the mutual inductance, L, is the rotor inductance and p is the
number of pole pairs.

The expression of the angular speed is given by Eq. (17).

— I—mRr e
s = L /1* Iqs (17)
Py = Lyly + ¢ (18)

The rotor flux is generated along the axis q. The generated
motor torque being proportional to the current iz because the
rotor flux of the axis d is constant according to Eq. (18), the
maximum torque can be realized [31].

3.2 DC bus voltage regulation

The voltage across the DC-DC bus is controlled to a value
approaching 500 volts. We have inserted a block of limitation
of the voltage of the bus between two maximum and minimum
values, in order to be able to transmit the surplus of power to
the battery according to the value of the soc, if not towards a
resistance. A signal will be generated to control the IGBT of
the converter. The scheme of controlling the DC bus voltage
is shown in Figure 6.

Vbc-Ref Limitation of

the voltage
between 2
max-min
values close
to VDC-Ref

Bidirectional DC-DC converter

Figure 6. DC-DC bus voltage control
3.3 FC converter control

The fuel cell is controlled according to the requested power
of the vehicle and according to the state of charge of the battery.
The mode of hybridization of the three sources is taken into
account in the design of this command of the FC. Thus, the FC
will extend the autonomy of the vehicle and performance
related to efficiency, while avoiding aging phenomena, to
increase its life. The current should be limited in a slope so as
to respect constraints related with FC dynamics.

4. ENERGY MANAGEMENT STRATEGY

The energy management subsystem determines the engine



torque and the reference current of the fuel cell according to the
predetermined parameters. The hybridization of energy sources
in terms of power is managed according to the position of the
accelerator, which varies between -1 and 1. Regenerative
braking is designed during deceleration phases. The excess
power of the fuel cell will be regulated via the two Py and Po
blocks. The problem for the FC is at low speeds with high
accelerations, leading to a decrease in its service life. The
intelligent algorithm takes into account the faults of the
classical algorithm used. The photovoltaic source intervenes
during the shutdown phase to contribute to recharging the
battery and also according to the parameters Py and Po during
restart phases and degraded road conditions.

4.1 Energy management algorithm

The model is used in a detailed multi-domain simulation of
a traction system for a dynamic fuel cell vehicle model
combining a storage element that is a battery with a PV source.
The use of Simulink blocks makes it possible to model
accurately in a simulation environment, the electrical and
mechanical blocs of the control subsystems. The fuel cell
vehicle (FCV) is based on a recent topology used in
commercial vehicles. The simulation model consists of three
main modules. The electrical subsystem contains a PMSM.
The EMS block of the system is shown in Figure 7.
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Figure 7. Comparison between classical/Al algorithms
4.2 Implementation of fuzzy logic strategy

We propose to use fuzzy logic techniques in order to
optimize power management in fuel cell system. The
compatibility of our contribution with the FLC principle is the
main argument of our choice vis-a-vis the other methods. The
boundaries of membership functions are chosen taking into
account the absolute need for FC intervention. As illustrated by
Figure 8, we exploited the points in overlapping areas exploited
in the FLC block, so that, at the end of the defuzzification
process, we designed two PH and PO blocks in order to correct
the data not processed by the fuzzy "black box" unit by
comparing these results with predetermined references.

PFC-EF H]-NFIC—MEAS m

Ircrer =0

Figure 8. Detailed diagram of the Al algorithm design

5. SIMULATION RESULT AND DISCUSSION

In this article, a numerical simulation was carried out using
the Matlab / Simulink environment in order to show the
performance of the proposed new method to optimize the
energy management of hybrid FCEV. During high
acceleration stage of the vehicle, the fuel cell provides energy
for a large part of the required power as shown in Figure 9,
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with battery support, in response to a conventional algorithm
embedded in an EMS block, providing acceptable results.
Hydrogen consumption (Table 1) are greatly decreased with
the association of the FC+B+PV configuration and Al
algorithm.

Figure 10 shows the power of the PV source where the
performance of the system is considerably improved, in
particular the autonomy of the vehicle and the reduction of the



hydrogen consumption. The conventional used algorithm
controls the battery in a way to assist the FC during the phases
of high-power demands, and recharging the battery during the
phases of stopping the vehicle. Important information on
sources hybridization is given in Figure 11, and Figure 12. An
increase in the battery soc is verified, thanks to the
contribution of the PV source. A power gain in urban areas by
multi-source hybridization and optimization of energy

management in the study system are shown in Figure 13.

From the results in Figure 14, the hybridization power
curves with FC+B+PV configuration can be seen. The load
behaviour is optimized when using the Al algorithm,
especially at low speeds. The power quality is improved and
the efficiency of the FC is clearly improved. It is noted that the
FC response to vehicle power demands is moderate compared
to the results of the classical method.

Table 1. Comparison of results obtained with the methods: Classical (C) and artificial intelligence (Al)

Structure Hydrogen Stack consumption (Air; Fuel) 400 m Stack efficiency 0-100 km/h
consumption [Standard Ipm] for acceleration=  Acceleration time  at time 18 s [%0] Acceleration
[L] 0,85 [m/s?] [s] Time [s]
FC+B (Classical 797,32 — 1897,45 24,01 48,33 14,18
! 2,17
Algorithm)
FC+B (Al 179 731,66 — 23,79 57,78 13,36
Algorithm) ' 1891,11
FC+B+PV 717,98 — 23,66 49,56 14,42
(Classical 1,96 1867,76
Algorithm)
FC+B+PV (Al 157 686,11 — 23,31 59,42 13,49
Algorithm) ' 1847,34

Depending on the initial value of the soc of battery, provides
the required power during the different intervals, and all
intervals where the FC is inactive and the braking energy
recovery phase. Figure 15, illustrates the FC excess power
suppression phases, the Al algorithm corrects the slowness of
the low-speed to high-acceleration phases, resulting in
moderate FC intervention where this role is left to the PV

source and battery. Figure 16, best illustrates the states of
charging and discharging of the battery according to the
different phases of the vehicle, where the contribution of the
photovoltaic source is important, these power curves of the
battery and the PV source after hybridization, reflect the
optimization work performed by the EMS block by associating
the algorithm Al
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6. CONCLUSION

Multi-source hybridization for an optimization of the energy
management of these sources has been proposed as a solution
for a problem related to the increase of the performances of a
hybrid energy system for a power supply of an electric motor
used in an application of electric vehicle. The concern was to
increase the life of the FC as well as the economy of the
hydrogen. The multi-source system uses renewable energy
from a PV source, and an FC, as well as an energy storage
device represented by a battery. A photovoltaic source can
improve the storage device according to the characteristics of
the vehicle applications and the main sources by providing an
efficient hybridization associated with an optimal solution,
implemented via an Al algorithm, in order to respond to
changes in the phases, especially in urban areas, and when
states of the road are degraded.

The main objective of this article is to provide a relevant
solution to the question of increasing the autonomy, the
effectiveness of the system, and especially the life of the FC,
and to increase the economy in hydrogen. Also another
objective has been achieved by raising the soc of the battery at
a high rate despite the strong solicitations during the peak
phases, by implementing a PV source. It should be noted also
the good precision at times of power demands during the strong
accelerations with introducing parameters Py and Po at the
level of the intelligent algorithm by exploiting the point of
strong accelerations with two blocks of hybridization and
optimization to remove any excess power of the Fuel Cell. In
the design of the parameters Py and Po, we took into
consideration the state of a degraded road and the obstacles
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requiring acceleration of the vehicle in order to suppress the
intervention of the FC, which has a significant time constant,
resulting in a delay in response generating an excess of power.

In addition, a large reduction in the FC interventions is
recognized, leading to an increase in its lifetime, resulting in a
significant saving in hydrogen. The interest of this work lies in
the dc-dc bus will be supplied directly from the B/PV device,
as well as in the continuous recharging of the battery, especially
during the stopping phases of the vehicle and during the
regenerative braking.
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NOMENCLATURE

A exponential zone amplitude, V

B activation voltage constant, A™*

C activation voltage constant, V

E nernst instantaneous voltage, V

Eo standard no load voltage, V

F faraday’s constant, C.kmol*

lBAT-MEAS measured battery current, A

lgAT-REF reference battery current, A

icg, icq dg-axes iron losses current components, A

ig, ig the d-q stator current components, A

Irc-REF1 fc current of flc output, A

Irc-ReF2 fc current of h-o bloc output, A

imd, Img dg-axes magnetizing-current components, A

IMOT-MEAS measured motor current, A

Ipv-MEAS measured pv source current, A

ig-opt iq optimized in the foc block, A

S cell reverse saturation current, A

Is addition current of measured currents of
battery and pv, A

J moment of inertia, kg.m?

Kan anode valve constant, kmol kg.atm.s™*

Kh2 hydrogen valve molar constant, k.mol.atm.s’
1

Ky modeling constant = No/4F, kmol s™* A

Mu2 molar mass of hydrogen, kg.kmol*

No number of series fuel cells in stack

Nmeas motor’s measured speed, rd/s

Nref motor reference speed, rd/s

P*Bat Reference power of the battery, W

Poem requested power, W

Prc-rer reference power of the fc, W

550

Ph2

P20
Po2

P*recharge

q
QqH2

qHzln
qHZOUt
gH2'
qHZreq

Rint

R

S
SOChat
T

Te-opt

Van

Vbat

Vcell

Vd, Vq
VDCfM eas
Ve Ref
VEc_MEas
Vinpp

Voc
WﬁMotor

Greek symbols

D
TNohmic

MNact

Subscripts

Abs

Al
CTransient_L,
CTransient_S

EMS
F

FLC
FOC
M

PH

Po
Transient_S;
RTransientﬁL
Np

Ns

partial pressure of hydrogen inside the stack,
atm

water partial pressure, atm

partial pressure of oxygen inside the stack,
atm

battery charging reference power, W

charge on an electron, C

time derivative of nw, represents the
hydrogen molar flow, k.mol.s*

hydrogen input flow, k.mol.s*

hydrogen output flow, k.mol.s*

hydrogen flow that reacts, k.mol.s

amount of hydrogen flow required to meet
load change, k.mol.s*

stack internal resistance, Q

universal gas constant, J kmol™* K
hydrogen time constant, s

state of charge of battery, %

absolute temperature, K

electromagnetic torque in the foc after
optimization, N.m

volume of anode, m®

voltage of battery, V

voltage of fuel cell, V

dg-axes voltage components, V

measured voltage of the dc bus, V

reference voltage of the dc bus, V

measured voltage of the fuel cell, V

voltage maximum power point, V
open-circuit voltage, V

motor speed, rd/s

perturbation introduced by the algorithm
function of stack current and the stack
internal resistance R™ (Q)

function of the oxygen concentration
CO; and stack current | (A)

absolute

artificial intelligence

rc parallel network capacities (I, s) of a
model based on Thevenin

energy management strategy

membership function parameter
indicating a low level
fuzzy logic controller
field oriented control
membership function parameter

indicating an average level

hybridization parameter

optimization parameter

rc parallel network resistors (I, s) of a
model based on Thevenin

number of parallel strings in the pv array
number of series strings in the pv array
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