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Abstract—This paper deals with the sizing and control of a fuel
cell based hybrid power supply used in vehicular applications.
The system consists of a fuel cell, a battery and a pack of ultra-
capacitors connected to three DC-DC converters. The proposed
approach takes into account dynamic constraints and energetic
capacity limits of the power sources by considering a filtering
based energy management strategy and energetic characteristics
of the used technologies. The sizing solutions are computed for
two different driving cycles and then the systems are modeled
and simulated using MATLAB/SimPowerSystems. The obtained
results are given and discussed.

Index Terms—Fuel cell hybrid vehicle, electric storage systems,
sizing, energy management strategy.

I. INTRODUCTION

Fuel Cell (FC) electric vehicles are clearly an interesting
alternative for clean and efficient propulsion [1]. This tech-
nology exploits the benefits of Proton Exchange Fuel Cells
(PEMFC) in terms of good autonomy and energy efficiency
and the benefits of Electric Storage Systems (ESS) such as
Batteries (BAT) and Ultracapacitors (UC) in terms of high
dynamics and stability [2].

However, the weight of the hybrid power system including
the PEMFC, the hydrogen tank, the storage systems and
the power converters presents a significant issue to design
commercially viable FC vehicles. Indeed, the weight of the
onboard power system can harmfully affect the fuel consump-
tion, the energy efficiency and the autonomy of the vehicle
when its components are inaccurately sized. In general, an
oversized system could cause an over hydrogen consumption
and dynamic performance degradation while an insufficient
sizing could give rise to serious problems in meeting the
vehicle demand during its missions.

A second important factor influencing the performances of
the FC hybrid vehicle is the management of the energy flow
within the system [3]. This algorithm is in fact necessary
to efficiently share the demanded power between the string
components while taking into account their dynamic and
energetic constraints.

In fact, the challenging issue with such technology is to
design an optimal onbroad power supply which should be able
to ensure the vehicle requirement in various driving conditions
(acceleration, deceleration...) while meeting automotive mar-

ket expectations in terms of mass, autonomy, dynamics and
fuel consumption.

Conventionally, the design of hybrid systems is done in
a sequential way by going through three basic steps: 1- the
definition of the system architecture, 2-the sizing of different
components (sources, converters,load, etc.) and 3- the adoption
of an energy management strategy [4].

However, this approach can lead to systems oversizing or
even to incompatibility between the demand and the sources
capacity, since the sizing is done in a random way, without
information about the part of mission to be required from
each device. Therefore, it would, be more judicious to link
the sizing of each source to its own mission by inverting the
order of the sizing and the management phases.

This paper proposes a method to size an onboard
FC/BAT/UC power source used in electric vehicles by consid-
ering a power-separation-based energy management algorithm
and energetic characteristics of the sources.

With respect to aforementioned works, the proposed ap-
proach lead to efficiently size the system components while
taking into account their intrinsic energetic and dynamic
limitations. We propose to firstly distribute the mission power
between the sources and then to size the elementary cells
of each device according to its own mission, which could
minimize the overall weight of the system.

The paper is organized as follows: Section 2 illustrates
the vehicle powertrain system. Section 3 details the filtering
energy management strategy. Section 4 explains the sizing
process. Section 5 gives and discusses the obtained simulation
results and 6 provides the conclusions.

II. FUEL CELL BASED POWERTRAIN SYSTEM

A. Vehicle configuration

The reference [5] provides a variety of configurations for the
electric vehicles. We propose to use a parallel architecture in
this work (Fig. 1). This topology offers a good pliability in the
sources control. The system is composed of a PEM fuel cell,
a lithium battery and a pack of ultracapacitors. The power
sources are linked to the traction inverter via three DC-DC
converters and can supply together or separately the electric
motor.
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Fig. 1: Vehicle configuration.

B. Source characteristics

Hydrogen fuel cells are considered as storage systems since
it use stored compressed hydrogen to generate electricity [6].
Indeed, ESSs are usually compared through their dynamic and
energetic characteristics via specific charts such as the Ragone
diagram [7]. This chart illustrates the specific power of the

Fig. 2: Ragone diagram

storage device according to its specific energy (fig.2). We
note that the FC is characterized by the the higher specific
energy. It ensures an excellent autonomy for the vehicle in
terms of several hours [8] and has a very low rate of auto
discharge. But, its low specific power and long start up time
limit notably its performances in high dynamic applications
such as vehicles.

Lithium battery presents distinct advantages in comparison
with conventional lead acid and nickel models, including high
specific energy, low self-discharge rate and wide range of
operating temperature [9]. Nevertheless, it is still sensitive
to fast and frequent load current variations, which can limit
significantly its life cycle .

Supercapacitors, characterized by an excellent power den-
sity, a very low energy density and a short charging and
discharging time [10], could be able to generate/absorb sudden
transients of the load.

C. Modeling

1) Fuel cell: To reproduce dynamic characteristics of the
PEMFC, an electric equivalent circuit based model is adopted

(Fig. 3) [4].

Fig. 3: Fuel cell model

Its mathematical model is given in (1).{
Ifc = VRa

Ra
+ Cfc

dVRa

dt

Vfc = Efc − VRa −RfcIfc
(1)

Where Ifc, Vfc are the FC current and voltage respectively.
Ra, Rfc, Cfc are the electric circuit parameters.

2) Lithium battery: A new electric model (fig.4) [2] is
proposed to simulate the battery in this application. A capacity

Fig. 4: Battery model

Coc of charge and discharge is used instead of constant voltage
source in classic Thevenin circuit. Rint represents the internal
resistance of the battery, RbatCbat simulates the rest time
effect on the battery response time.

Its mathematical model is given in (2)
Ibat = −Coc

dVoc

dt

Vbat = Voc −RintIbat − VRbat
dVRbat

dt = − 1
RbatCbat

VRbat + 1
Cbat

Ibat

(2)

3) Ultracapacitors: The model of the ultracapacitors pack
is illustrated in fig. 5. Where Ruc, Cuc1 and Cuc2 = βVu1 are

Fig. 5: Ultracapacitor model
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the electric parameters of the circuit. Its mathematical model
is provided in (3).{

Iuc = −(Cuc1 + βVu1)dVu1

dt
Vuc = Vu1 −RucIuc

(3)

4) Drive mission: During missions, the vehicle draws a
total power PL from the DC bus. This power is computed
as (4):

PL =
ηond
vdc

(
0.5ρv2SfCx +MvehgCr +Mveh

dvveh
dt

)
vveh

(4)
Where ηond, vdc, vveh, ρ, Cx, Sf , Mveh, Cr and g are the
inverter efficiency, the DC bus voltage, the drive cycle, the air
density, the aerodynamic coefficient, the frontal surface of the
vehicle, the mass of the vehicle mass, the rolling coefficient
and the gravitational constant respectively.

III. FREQUENCY-SEPARATION-BASED ENERGY
MANAGEMENT STRATEGY

1) Frequency vision of system: By exploiting the charac-
teristics of the Ragone chart, we can develop a frequency
vision for the power sources basing on the notion of specific
frequency fc [11], defined as follow:

fc[Hz] =
ρP [W/kg]

ρE [J/kg]
(5)

Where ρP is the power density of the device and ρE is its
energy density. Using (5), the elements of the chart can be
reported in a frequency plane defining the frequency ranges
allowed by each element. Fuel cells are the lowest element in
the system and can cover the lowest frequency range of the
demand. The batteries have a faster dynamic and can cover
the intermediate frequencies and supercapacitors present the
fastest element and can cover the highest frequencies of the
demand.

2) Frequency separation strategy: The energy management
strategy proposed is based on the load power decomposition
[12]. Indeed, we decompose the total power into three compo-

Fig. 6: Frequency energy management

nents with three frequency ranges (fig.6). The first component
Ppac, which is the lowest one, will be used to size the PEMFC.

The second component Pbat will be used to size the battery
and the latest Puc, which is the faster component, will be used
to size the ultracapacitors. To this end, we used two low pass
filters with two different cut-off frequencies fc1 and fc2.

IV. SIZING OF THE FC/BAT/UC HYBRID SOURCE

A. Fuel cell sizing

The PEMFC is sized using the FC power evolution Pfc

[13]. The number of its cells Nfc is determined as (6):

Nfc =
max(Pfc)

P 0
fc

(6)

Where P 0
fc is the FC cell power.

The mass of the fuel cell Mfc is the sum of the weight
of the stack Mst, the weight of the hydrogen MH2 and the
weight of the hydrogen tanks Mta:

Mfc = Mst +MH2 +Mta (7)

The weight of the stack is defined by:

Mst = Nfcm
0
fc (8)

Where m0
fc is the FC cell weight.

The hydrogen to be consumed in a duration ∆t is defined
as (9):

MH2
= mH2

.
nH2

∆t (9)

Where
.
nH2 =

NfcI
0
fc

2F is the molar flow rate of the hydrogen,
I0fc is the FC cell current, mH2 is the molar mass of H2 and
F is the Faradays constant.

To get the wight of the hydrogen tanks we should calculate
their number Nta as (10):

Nta =
MH2

mvol(H2)Vta
(10)

Where MH2 is the weight of hydrogen , mvol(H2) is its
density and Vta is the volume of the tank. The total mass
of the obtained tanks is calculated using (11).

Mta = NtaM
0
ta (11)

Where M0
ta is the mass of a single tank.

B. Battery sizing

The number of battery cells Nbat is calculated basing on the
battery power and energy missions. The sized battery should:

• Generate/recover the maximum of the re-
quired/regenerated power Pmax

bat provided by the
energy management algorithm.

• Provide/recover the totality of the required/regenerated
energy.

The battery cells number Nbat is given as (12):

Nbat = max(
Emax

bat − Emin
bat

DODbat.E0
bat

,
max |Pbat(t)|

P 0
bat

) (12)

Where P 0
bat is the battery cell power, E0

bat is the energy cell
energy, DODbat is the battery Depth Of Discharge (DOD)
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and Emax
bat , Emin

bat are determined from the battery energy
evolution, respectively.

The battery weight is defined in (13):

Mbat = Nbatm
0
bat (13)

Where m0
bat is the battery cell mass.

C. Ultracapacitor sizing

Similarly to the BAT, the number of ultracapacitors Nuc

should satisfy the power and energy constraints as follows:

Nuc = max(
Emax

uc − Emin
uc

DODuc.E0
uc

,
max |Puc(t)|

P 0
uc

) (14)

Where DODuc is the ultracapacitor depth of discharge.
E0

uc and P 0
uc are the maximal ultracapacitor energy and the

maximal ultracapacitor power, respectively. Emax
uc , Emin

uc are
determined from the UC energy evolution

The weight of the ultracapacitors module is calculated
according to Nuc as follow:

Muc = Nucm
0
uc (15)

Where m0
uc is the mass of the elementary ultracapacitor.

Then the hybrid power source weight Msys is calculated as
(16):

Msys = Mfc +Mbat +Muc (16)

V. SIZING RESULTS

The sources technologies used in this application are the
Toyota Mirai FC stack [15], the lithium iron phosphate
(LiFePO4) 12V/40Ah battery and the 2.7V/3000F Boostcap
ultracapacitors. Their technical characteristics are illustrated in
TABLE I.

TABLE I: Characteristics of the sources

PEMFC BAT UC

Maximal cell power 300W 384W 3.0166kW

Maximal cell energy - 128Wh 3.0375Wh

Cell weight 150g 1500g 500g

Tank weight 85kg – –

Tank volume 100L – –

The sizing is computed using MATLAB/Simulink for two
different driving cycles. The first one is the New European
Driving Cycle (NEDC), it represents a typical usage of the
vehicle in Europe including four repetitive urban driving cycles
(ECE-15) and one Extra-Urban Driving Cycle (EUDC), Fig.
7a. The second one is the US Federal Test Procedure cycle
(US FTP-72), also called the Urban Dynamometer Driving
Schedule (UDDS) and simulates an urban driving mission with
more frequent stops, Fig. 7b.

The sources and the overall system obtained weights are
given in TABLE II.
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Fig. 7: Vehicle driving cycles: (a) NEDC, (b) UDDS.

TABLE II: Sizing results

NEDC UDDS

Msys 296.8 kg 223 kg

Mfc 85.8 kg 85.47 kg

Mbat 148.8 kg 96.42 kg

Muc 62.34 kg 41.36 kg

Nfc 55 34

Nbat 99 64

Nuc 122 81

To validate the relevance of the proposed approach, the
obtained systems are modeled and simulated under Mat-
lab/SimPowerSystems using the parameters of TABLE II.

Fig. 8 and Fig. 9 illustrate the electric powers and energies
obtained for the NEDC and the UDDS.

As can be noted from Fig. 8a and Fig. 9a, the missions
requirements are ensured by the sized hybrid power supply.
The sum of the generated power (Pf c + Pbat + Puc) matches
the totality of the the demanded power PL. Then, the sources
are efficiently sized with respect to the missions demand.

Figures 8b, 8c, 9b and 9c show that the total load power
and energy are well shared between the sources. Frequency
and energetic constraints of the multisource system are re-
spected under the NEDC and the UDDS: the FC ensures the
lower dynamic component and provides the highest part of
the demanded energy. The battery provides the intermediate
frequency component and supplies high energy and the su-
percapacitors cover the fast fluctuated part of the power with
a very low amount of energy. The relevance of the filtering
management algorithm is then validated.
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Fig. 8: Simulation results obtained for the NEDC : (a) Load power vs. delivered power (b) Sources powers (c) Sources energies

0 200 400 600 800 1000 1200 1400

Time (s)

-2

0

2

4

6

L
o

a
d

 p
o

w
e

r 
(W

)

10
4

Load Sources

(a)

0 200 400 600 800 1000 1200 1400

Time (s)

-2

0

2

4
S

o
u

rc
e

s 
p

o
w

e
rs

10
4

FC BAT UC

(b)

0 200 400 600 800 1000 1200 1400

Time (s)

0

1000

2000

S
o

u
rc

e
s 

e
n

e
rg

ie
s 

(W
h

)

FC BAT UC

(c)

Fig. 9: Simulation results obtained for the UDDS : (a) Load power vs. delevered power (b) Sources powers (c) Sources energies

Moreover, in order to validate the sizing with respect to
the ESS storage capacities, we simulated the evolution of
the depths of discharge for the battery (Fig. 10a) and the
ultracapacitors (Fig. 10b) over the two driving cycles.

The limits DODbat = 0.6 and DODuc = 0.8 fixed in this
application are respected for the two storage devices. Then, the
system sizing is in good agreement with the energetic demand.

VI. CONCLUSION

This paper treated the issues of onboard hybrid sources
sizing and energy management. The hybrid system includes

a fuel cell as main source associated to a battery and a bank
of ultracapacitors as hybrid storage device. The developed
method aims to ensure the vehicle mission requirement while
respecting energetic and dynamic constraints of each technol-
ogy.

A frequency separation based energy management strategy
is adopted. This algorithm is used to size the system sources
according to their mission parts and allowed to exploit the
benefits of ultracapacitors as a peak power device and the fuel
cell and the battery as excellent energy units.

Simulation results obtained for various driving cycles vali-
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Fig. 10: Depth of discharge evolutions : (a) NEDC (b) UDDS

dated the sizing approach. The systems are well-sized in terms
of dynamic and energetic performances.
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