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Abstract- In this paper, we develop an energy management supervisor used to control power flow in a fuel cell electric vehicle,
including a proton exchange membrane fuel cell and a supercapacitor. Our Target is to minimize the hydrogen consumption of
a Proton Exchange Membrane (PEM) Fuel Cell. In order to perform this goal, the system is controlled through an Energy
Management Strategy (EMS), to minimize the fuel cell power demand transitions and therefore improves its durability. The
model of the studied system parts and the control strategy are developed using MATLAB software. Simulation results of our

designed plan demonstrate a 40% gain in hydrogen consumption through the recovered energy from braking phases.
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1. Introduction

These last few years, manufacturers of vehicles have taken
an interest to overcome the significant environmental
problems which caused mainly by conventional cars. In this
context, Various energy generators have been developed
based on renewable energy sources, such as solar, wind,
hydraulic [1,2].At present, the development of Fuel cell
electric vehicles (FCEV) represents one of the substantial
topic challenges for scientists in many countries, owing to the
energy supply problem and environmental problems [1,2,3].

However, In order to avoid more atmosphere pollution
problems, The fuel cells (FC) represent one of the most
promising renewable energy clean sources by generated only
electricity, heat and water [4].There are various fuel cells
technologies, the PEM fuel cell is the primary preference for
the transportation area compared to other types of fuel cells,
and offers a benefits such as the high power density, the
working at a low temperature, and high efficiency [5].

Hence, these technologies raise the problem of limited
power availability. Therefore, the idea of using an energy
storage device with PEMFC energy sources, such as battery
[6] or supercapacitor [7] was used to fulfill the fast load power
demand and also to recover the energy from the braking phase
[8,9,10]. Currently, the FCEV associated with several energy
sources was the best solution which has been studied in
numerous works such as [11,12] to ensure the power in the
drive train and reducing the hydrogen
consumption[13,14].For this reason, numerous researchers
emphasize the importance of the power management strategy
for FCEVs, which determines the power split between the
FCS and a secondary power source.

In this respect, integrating a supervisory management
strategy in such a system offers the opportunity to facilitate
the control of energy flow to its interior as well as monitoring
the operating status of its elements.

In recent literature, several management strategy
approaches have been developed, which plays a crucial role
in decreased fuel economy consumption considerably of
powertrain performance [15].Among these techniques,
equivalent consumption minimization strategy (ECMS) [16],
rule-based algorithms [17], and fuzzy control logic [18] and
dynamic Programming Approach [19].For this purpose, this
paper aims to study and develop an energy management
approach for FCEV vehicle system.

Hence, this paper expands the ideas of previous studies
with a improvements regarding:
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* An efficient design of FCEV with an energy management
algorithm is proposed. Supercapacitor was included as a
secondary source during the peak power.

* The adopted energy management is used to ensure power
distribution flows between the different energy sources .and
to provide a minimization of hydrogen consumption.

For that purpose, we will start in section 2 by modeling
and sizing of the different used power sources separately: the
PEMFC and the Maxwell supercapacitor. Next, we present in
Section 3 the developed Buck/Boost converter. This converter
is investigating the best power generation topology between
supercapacitor and load. In section 4, we will propose an
energy management strategy controlling the power demand
between the different sources. Finally, we will conclude our
work.

2. General Overview of the Studied System

The global system of the electric vehicle shown in fig.1
consists of two power sources: the first is composed by PEM
fuel cell while the supercapacitor forms the second. For the
functioning principle of the developed system, a Boost
converter is utilized to connect the PEM fuel cell to DC bus
voltage to obtain the desired output voltage.

On the other hand, A three-phase inverter supplying the
power train. It is driven by a permanent magnet synchronous
motor (PMSM).On the other side, a bidirectional buck/boost
converter is used to interface the supercapacitor to DC voltage
bus.

The studied system is controlled by a proposed energy
management strategy which is developed to ensure and
maintain excellent performance and high efficiency of the
system by minimizing a hydrogen consumption of the fuel
cell. For this purpose, the proposed EMS is used to compute
the references power that must be delivered from each source
according to the load power and the state of charge of a
supercapacitor. Thus, this developed technique is composed
of two controls blocks.

A working principle of each control blocks is to supervise
the functioning of the primary and secondary energy sources
related to it and receive the two references power (Pgecell-ref
and Py s generated from the developed energy management
to control signals for each converter. The detailed schematic
presented in Fig.8 shows the energy flow directions from each
source based on two controls blocks, which are received a
references power from the developed energy management
approach.

A two controls blocks adopted for the developed system
are detailed in Fig.3.
Where: dp,q0s: : 1s the duty cycle for boost converter
d: is the duty cycle for buck/boost converter
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Fig.1. Descriptive schematic design of fuel cell / SC
electric vehicle

2.1. Sizing Methodology

2.1.1. PEM Fuel cell sizing

Based on the works presented in [20], fig.2 is an
equivalent presentation of a various irreversible loss
mechanisms activation (V,y), concentration (V) and
ohmic over-voltages (Vonm) causing voltage drops in a PEM
Fuel Cell.
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+
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Fig. 2. PEMFC electrical circuit model.

Based on the given electrical circuit in Fig.2, the
PEMFC’s output voltage can be calculated as in (1)

Veemre = Enerst = Vact = Vonm — Veon (1)
Where :
Eperst : theoretical potential of the cell

For this work, the nominal fuel cell power (Prc_nom) 1S
around 85kW . In addition, the auxiliary consumption varies

from 15% to 20% of the nominal power[21]. In this case, The
maximum Fuel Cell power is given by (2):
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Prc_max = Prc—aux + Prc—nom = 102KW 2

The voltage cell limit (Ecell) is 0.7 V. This voltage
considering the maximum power supplied by the fuel cell.

The FC exchanges voltage with the DC bus (Vi) through
a DC-DC boost converter. To obtain efficiency greater than
90 %, the adequate duty ratio is equals to 2.

Based on the works presented in [22], the fuel cell nominal
voltage given by (3):

Vbus
VFC-nom

560
=2 > VEc-nom = = - 280V 3)

Then, the nominal current supplied by the FC is evaluated as:

P —max
Irc—nom = V::S—m = 3644 “4)
Finally , by considering the cell voltage Ecen

= 0.7 V.The fuel cell must supply a 560 V DC bus via a Boost
converter. Boost has a decreasing efficiency when the
transformation ratio increases. So , the duty cycle must be
around two for optimal operation.The number of cells
combined in series (Nejseric) 1S calculated by the following
equation (5):

Ipe = 400 Cell (5)

N ool carias =
cell-series 2Ecel]
To summarize, the fuel cell parameters are shown in Table.1

Table 1. Characteristics of the studied Fuel cell

PEMFC parameters
Stack power Nominal 85KW
Maximal 102KW

Nominal voltage 280V
Nominal current 300A
Number of cells 400cell
Temperature 368K

Air supply pressure 3bar
Fuel cell pressure 3bar

2.1.2. Supercapacitor Sizing Optimization

The supercapacitor (SC) is chosen as a second energy
source in our study. This reversible power source presents a
reliable solution to overcome the problems related to the
operation of the PEMFC in order to ensure a fast response and
the high power demands from the load during the transient
phases [23].

The maximum power (Py;_pmqy) that the supercapacitor
must provide to accelerate the vehicle from
0 to Vi=90 Km/h at time t, =14s is expressed as[23]:

M
Poc—max = _sz (©)

tﬂ.
From equation (6), We have determined a maximum
power Py = 100 kW.

The supercapacitor sizing methodology involves three
steps described as follows :

The first step consists of determining the Maximum
transfer energy of supercapacitor during acceleration
phase (E cc—max) - It is given by:

Eacc-max(W-h) = Pscomax-t4=555.55w. h (7

Then, in the second step, we must determine the number
of units of the supercapacitor. This case is divided into two
parts: where the first is reserved to calculate the energy must
be stored in supercapacitor to ensure the acceleration phase.
It is calculated by (8) taking into account the state of charge
(SOC) constraints [24]:

Eacc—max_ 555.55
Euc—max = T: 0.6 =92591w.h (8)

The second part consists of determining the supercapacitor
unit number. It is calculated by (9) taking into account the
stored energy (Eucunit) given from the characteristics of
supercapacitor presented in Table.2.

E 925.91
Nuc — uc —
Eyc-unit 233

397.38~ 398 units )

Finally, the last step consists in determining the number of
cell in series (N) and parallel (N).For this Ng is calculated by
(10)

Ny = emere 22 13333 ~ 134 (10)

Vele-max

And N, is calculated by the following equation:
Ny = =—=214~x (11)

To summarize, the supercapacitor battery on board the
Electric vehicle (EV) consists of three blocks mounted in
parallel. Each block contains 134 supercapacitor cells
mounted in series. One cell capacity equal to 2700 F.

Table 2. Characteristic of the studied supercapacitor

Maxwell BOOSTCAP pc 2500

Parameters Value
Capacity , (Cuc.unit) 2700F
Rated voltage 2.5V
Maximal voltage 2.7V
Stored energy 8400J

Figure 3 is a detailed schematic that explains the working
principle of the PEMFC/Supercapacitor controls structure.
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The developed control for PEM fuel cell shown in fig.3.a is
used to extract the maximum power from the fuel cell to
overcome the demand power of the load during the different
various driving cycle of the vehicle. In this work a simple PI
controller is used to maintain a constant bus voltage of 560V
in converter output, irrespective of variations in fuel cell
voltage. The PI controller allows usefully comparing the
reference and measured value of fuel cell current in order to
minimize steady state error to zero. After that, PWM (Pulse
Width Modulator) generator operates it will commute the
MOSFET duty cycle.Also,based on the work in [25],a PI
controller for hydrogen generated from the fuel cell is applied
to control the delivered power.

Furthermore, to improve the robustness of the control
strategy against the variations of power condition, the
supercapacitor control is shown in fig.3.b is used to overcome
the necessary power which is feeding the motor during the
acceleration phase and overcome the needed power load
demand variation when the available power of fuel cell is
limited. Furthemore, the PI controller allows usefully
comparing the reference and measured value of supercapacitor
current according to eliminate the error and generated the
desired response .Finally , a PWM signal is applied in order to
control the eight switches (S,S,,53,54,S5,56,57,Sg) for
buck/boost converter.
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Fig.3.PEMFC/Supercapacitor controls structure

The load power (Pyy,4) of the vehicle is insured by using on
traction forces needed during the acceleration phase,
resistance forces and the required speed. It is modeled by the
following equation [25]:

Md
Pload = (Froll + Faero + Fslope + d_tv)vveh (12)

where :
F.o1 1s the Rolling resistance force. It is given as:

Fron = Myeng. fr (13)

Faero 18 the aerodynamic drag force. Its expression is:
1
Faero V= 2 Pair Ar vaxzeh ) (14)
Fiope s the climbing force. It is given as :
Fslope = Myengsin(a (b)) (15)
With: p,;; is the air density, f; is the resistance coefficient
of the tire rolling A is the frontal surface area of the vehicle,
Ciis the aerodynamic drag coefficient, M is the vehicle total

mass, g is the gravity acceleration, a is the road slope angle.

Table 3 presents the parameters of the FCEV vehicle used
for our study.

Table 3.Characteristics of the FCEV

Parameters

Rolling resistance force f; 0.01s2/m?

constant
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Air density Pair  1.2kg/m’

The frontal surface area of Cy 0.3
the vehicle
Aerodynamic drag Af 2.6m*
coefficient

Acceleration due to gravity g 9.8m/s’

3. Full Bridge Buck/Boost Converter

The full bridge buck/boost adopted for our work shown
in fig.3.b allows the power flow between the power
supercapacitor and the load. In applications such as: hybrid
or electrical vehicles that transferred power is more than 750
watts, full bridge topology is a proper one [26,27,28].

It is composed of two full bridges, two planar transforms
and eightswitchers MOSFETs (S1,Sz,S3,S4,Ss,S(,,S7,Sg).

The input side of the transformer is composed of four
switches (S1,5,,53,S4), input filter capacitor (C.) and input
resistor (Re).Then, the output side consisting of four switches
(Ss, S¢, S7, Sg),output filter capacitor (Cs) and output resistor
Ry).

3.2. Specific configuration
3.2.1. Boost mode

In the boost mode operation, the energy is transferred from the
supercapacitor to the dc bus voltage. Hence,during this period,
the secondary source will be supplied the motor.Figure
4presents the timing pulse conduction gating for the different
switches (S1,S,,53,S4) in boost mode operation.

< TS >

s, S

1y 4
1,0 (40

Fig.4.Boost mode conduction time for switches

The boost mode can be divided into two intervals, which are
explained as follows :

Stage 1: This state lasts for (d — 0.5)Ts.
where: Tis the switching period and d is the duty cycle.

During the first interval, the four switches (S;,S,,S3,S4)
turn on. For this, the inductor voltage is equal to the input
source.In this case, the planer transformer saves the power to
transfer it in the second stage.

Therefore, the differential equations during this interval
can be written as follows:
ﬂ _ Vsc

dt L (16)

dv, 1. Vo
=], —— 17
dt Cs © CgRg a7)

Stage 2 : This interval lasts for (1 —d)Ts . During The second
state, the switchers (S1,S4 ) are on and the switchers (S, , S3 )
are turned off .

This interval usually is known as the energy transfer
interval. In this case, the supercapacitor is discharged in the
load through the planar transformers and both switches (S;,S4)

For this, the output state in this interval can be expressed
as follows:

diy, Vo 1

g _Yo, —y 18
dt  nL + L S¢ (18)
dv, i, -1 io

dt  nCs  CoRs Vo + Cs (19)

where: n is the turn ratio of a transformer
3.2.2.buck mode

In the buck mode operation, the power flow from the load
to the supercapacitor. Therefore, the secondary source is in the
recharge mode. The control signals for different switches
(Ss,S6,S7,Sg) in buck mode operation are shown in fig.5.

A
< T >

S S
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’ —Tg2— ’_ R

>

Fig.5.Buck mode conduction time for switches

Moreover, two main operating intervals are considered to
illustrate circuit conditions. The behavior of this state will be
described below :

Stage 1: This interval lasts for dTs. During the first state, the
switches (S¢,S7) are conducting and the switchers (Ss, Sg) are
turned off.

In this case, the power circulates from the load to
capacitors through transformers.The following equations
describe thebehavior of this state:

dip, Vo
L—==—-V. 20
Vo _yg, 0)
dVsc _ -1. -1 io

at Ce 1y, EVSC + E (21)
Stage 2: This state lasts for (0.5 — d)Ts.During the second
interval, the four switches (S5,S6,S7,S8) turn off. The
inductor voltage is equal to the input source. In this case, the
secondary side is only fed by the inductor stored power.

The equations during this interval can be expressed as follows:

di, _ Vo
i (22)
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dVsc _ 1.

dt Cg o

Vsc 1.
CERg Cg "

(23)

Based on the work presented in [29],equations (24-25)
give the stator voltages and electromagnetic torque of the
permanent magnet synchronous (PMSM) in d-q reference.

Vas = Ryligs + Las 2 — 0Lggigs
(24)
] digs )
Vgs = Rigs + LqT + w(Lgsigs + @¢)
The electromagnetic torque can be expressed as:
Cem = 2 P[(Las — Lqs)idsigs + iqs®r (25)

Where :
Vs, Vgsare the stator voltages on d and q axes

igs, 1gs are the components of the current respectively
on d and q axes

R;, Lgs are the stator winding resistance and inductance, p is
the number of pole pairs

@y is the permanent magnetic flux
4. Energy Management Approach Developed

The energy flows between the load and the power sources
are distributed by the energy management algorithm in order
to optimize the hydrogen consumption during the various
driving phases such as : acceleration ,deceleration and
stopping phases.

In literature, several types of power management strategies
have been developed to improve the fuel economy of FCEV
[30] such as optimal control [31,32], rule-based algorithms
[33] and fuzzy logic [34]. In this context, the developed energy
management algorithm in our work taking into account the
variation of load power (Pj,) and the state of charge of
supercapacitor (SOC) in a way to minimizes the hydrogen
consumption. Thus, The load power (Pyy,) is according to the
relationship given by (26):

Pioad = Pruel—cen + Psc (26)

The proposed technique is detailed and explained in fig.6.

APload20

The fuel cell supplies
only the load

The supercapacitor
supplies only the motor

Steady speed phase

The supercapacitor recovers No energy flow between

the energy braking the power sources

Oeccelergtion phase

The fuel cell supply the motor
and recharge the supercapacitor

The supercapacitor
supplies only the motor

Acceleration phase

Fig.6.Flowchart of energy management algorithm
5. Simulation Results and Discussion

This section is devoted to test and evaluate the efficiency
of the developed energy management approach for fuel cell
electric vehicle system. Thus, we present some simulation
results in Figs. 7-12 which are obtained by considering the
energy management approach.

In this case, We have chosen a profile speed (Fig. 7)
applied to the FCEV system during 100s and as 50Km/h
maximum speed.

Based on the drive cycle profile, We notice three
primaryoperating modes are represented in Fig. 7 are set as
next:

Mode 1: Traction mode.
Mode 2:Steady speed phase.
Mode 3: Braking mode.

Furthermore, based on different working mode of the
vehicle, the obtained results are shown in Fig 9 - 11 which
represent the state of charge of the supercapacitor, the power
delivered respectively by a supercapacitor and a fuel cell. The
different modes are explained as next:
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Mode 1:During the starting phase of the vehicle from
0 to40 s, the system runs on accelerationmode. In this case, the
fuel cell was turned off and the supercapacitor should be
discharged and delivers its power to the load
(SOC= 60%)(Fig.10).

Mode 2:The vehicle is in steady speed state mode from the
40s to 70s.At this moment, The power demand by the
powertrain is provided by the fuel cell and the secondary
power source is considered off (SOC<80%).In this context,
the power required by the powertrain based on PMSM is
supplied only by the fuel cell.(Fig.11)

Mode 3:The system operates in mode three during the
remaining period from 70 to 100 s.During this last phase, the
vehicle is in braking mode and the fuel cell was turned off. In
this case,thesupercapacitor receives power from the braking
phase (Fig.10).

Figure.8 illustrates the obtained result of the power
delivered by the powertrain (P),,q). This available power is
according to the relationship given by (26). It's remarkablethat
the supercapacitor supplies the load under braking and
traction phases, but the fuel cell supplies it's at steady states
speed.

Figure 12 illustrates the hydrogen consumed by the fuel
cell alone without energy management algorithm. There is a
maximum consumption 15g /s when the maximum speed of
the cycle is reached 50 km/h at time 70 s.

Hence, The hydrogen consumed when the proposed
energy management algorithm is implemented shown in
fig.13. The quantity of hydrogen consumption obtained is
around 9g/s. By comparing the hydrogen consumption in the
two presented cases, the hydrogen consumption decreases
from 15g to 9g. It is clear that the hydrogen consumption
obtained by the proposed algorithm is minimized by 6g.

50 T T
b A

MODE 1 MODE 2 MODE 3

a
1

S

40F

Spped (Km/h)
s
T

o
=}
T

0 | 1 | |
0 0 20 30 4 _5 60 70 8 90 10
Time(s)

Fig. 7.Speed profile

As we can see, thedevelopedenergy managementhas
guaranteed a 40 % gain in hydrogen consumption.

0t

4 T T

~
T

Load power(w)

0 0 2 30 4 _5
Time(s)

Fig.8.The load power

60 70 8 %0 100
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Fig. 13. Hydrogen consumption with an energy management
algorithm

Then, in order to validateand prove the effectiveness of the
developed energy management approach and to performit on

real-time implementation, we have implemented the
developed approach on STM32F4 Board.
In this context, the PIL (processor in the loop) is the

fundamental method for the plan to test the implementation of
our EMS [35].For that purpose, the PIL process means that the
energy management algorithm is modeled and developed
viafour following steps are set as next : (Fig.14)

In the first step, the plant model will be simulatedon the
host computer using Matlab/Simulink. After automatically
compiling, the developed energy management approach is
quickly loaded on the STM32 Discovery F4 microcontroller
to create the PIL block.Moreover, the communication between
the STM32F4 board and the computer is ensured by ST-LINK
communication.
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Next, A code generation by the STM32F4 discovery board
from the model by using the PIL process.

Consequently, this hex file code generated which will be
run in the microcontroller embedded board while the plant
model will be simulated in the host computer.

Then,Simulink and embedded target will run at the same
time and will exchange available data based on the energy
management approach implemented by the PIL block process
(Fig.15).

Finally, we can analyze the real-time resultsusing
Matlab/Simulink.

Desired input

|

|

STM32 DISCOVERY

1
1
1
1
1 \. F4 CONTROLLER /
1
1
1
1
1
1
1
1
1

g
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Fig .14 Simulink Prototype
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Fig .15 The energy management system using the PIL block.

After the energy management approach was designed and
implemented, Fig. 16and 17 illustrate respectively, the real-
time results of reference powers for fuel cell (P cenr.rer) and a
supercapacitor (Pgc_ref).

10t
2 —
==Reference fuel cell power
1 Real time reference fuel cell power
157
1 L
051 7
0 J n | | | o

0 0 2 30 40 60 70 80 90 100

50
Time(s)

Fig.16.Real-time reference fuel cell power

x10*
4 T T T .
== Reference supercapacitor power
11 Real time reference supercapcitor power
3 -
2 |

.1 | | 1 | 1 | 1 | 1

0 0 2 30 4 _5 60 70 80 9% 100
Time(s)

Fig.17 Real-time reference fuel cell power

As we can notice, there is an agreement between the
simulation results of the developed energy management and
real-time results performed, which confirms that the
implemented EMS is robust and reliable.

Therefore, the PIL process can be used as a low-cost
solution to test the hardware implementation of the proposed
energy management approach.

6. Conclusion

In this work, an energy management approach was
presented and used to analyze the dynamic performance and
power distribution for the FCEV system. The different parts
of the proposed system have been simulated separately and
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the energy management has been used to coordinate between
the various sources in a way to supply the PMSM. Thanks to
this proposed technique, the obtained results has successfully
achieved the desired working performance of the system by
minimizing the hydrogen consumption of the fuel cell du a
braking energy recovery by a  supercapacitor.
Experiment results validated this approach.
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