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Abstract—This paper is dedicated to the optimization of the
driving strategy of a high efﬁciency fuel cell based power train.
This power train is developed to equip an urban-concept vehicle
that runs energetic races where the objectives are to go the
furthest with the lowest quantity of fuel (Shell Eco Marathon).
Through a comprehensive dynamical model, including the mechanical requirement, the thermal behavior of the fuel cell stack
and the various losses and consumption of the power train
devices. This model is then integrated into a global optimization
algorithm, to determine the best race strategy to be adopted
(velocity proﬁle, motor current, gearbox ratio).
Keywords—fuel-cell, power train, multiphysics modeling, energy
optimization

I.

I NTRODUCTION

Given the new economic and ecological issues, car manufacturers should focus on alternative energy sources, such as
electric batteries or fuel cells [1]–[6]. Although still young and
hard to handle, fuel cells, and particularly Proton Exchange
Membrane Fuel Cell (PEMFC), remain a promising way.
Indeed, a hydrogen fuel cell vehicle has naturally a better
performance than a diesel car (usually 30 % against 22 %
of efﬁciency at the wheel). Moreover, the energy supplied
by the fuel cell is electric, which allows propulsion chains
more ﬂexible with high performances [7]. For several years,
a prototype vehicle with extremely low energy consumption
has been developed by researchers and electrical engineering
students, to run energetic races [8]–[10]. The energy source
of this vehicle is a Proton Exchange Membrane Fuel Cell
(PEMFC). From 2010 to 2012, this vehicle has been recognized by the Shell group (through the 2010 edition of the
Shell Eco-marathon competition, on the EuroSpeedway race
track, Germany) as the world most energy efﬁcient car, with an
equivalent consumption of only 0.02 litres of unleaded gasoline
95 per 100 km, at a minimum average speed of 30 km/h.
Since 2013, a new car with extremely low energy consumption is developed (see Figure 1). It comes under the urbanconcept category, which aims to promote the development of
vehicles closest to true city cars. The energy source of this
vehicle is also a PEMFC. To achieve an energy consumption as low as possible, each element of the vehicle must
be optimized, from the mechanical angle (drag coefﬁcient,
frontal area, slop, road-wheel friction, weight) to the electrical
architecture (power converter and motor efﬁciencies and fuel

Fig. 1.

The Urban-Concept vehicle Cityjoule.

cell accessories consumption). This optimisation has been done
in previous works, but without taking into account the driving
strategy [8]. In this paper, the optimal driving strategy that
minimizes the car energy demand is presented. It is based on a
multi-physics modeling of the power train, taking into account
the road proﬁl and the race constraints (average speed, stop at
each turn, etc.) [11]–[13]. This model is then integrated into a
global optimization algorithm, which lead to the best velocity
proﬁle, motor current and gearbox ratio.
The paper is organized as follows: In section II, the vehicle
speciﬁcations and the race characteristics are presented. A
focus is made on power train architecture from the fuel cell
stack to the mechanical needs. In section III, a dynamical
and multi-physics model is developed. In this section, each
part of the power train is presented. An originality of this
work is the addition of a thermal modeling of the PEMFC, in
order to take into account the auxiliary stack consumption in
energy balance, including the air feeding and cooling systems.
The optimisation results are given in Section IV, which allow
to achieve a driving strategy minimizing the ﬁnal energy
consumed by the vehicle. In the ﬁnal paper, simulations and
experimental results are compared to a real race, recorded
during the previous edition of the Shell eco-marathon, in
Rotterdam, Netherlands. Conclusions are given in Section V.
II.

P RESENTATION OF THE RACE AND VEHICLE
CHARACTERISTICS

The urban-concept car and its associated fuel cell power
train have been both designed and built to participate to the
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Shell Eco Marathon energetic race (Rotterdam, Netherlands).
The principle of such a competition is to drive a vehicle with
one pilot the furthest with the lowest quantity of fuel at a
minimum average speed of 25 km/h. A minimum weight of
70 kg is imposed for the pilot. Each competitor will have
to travel 10 turns of the race track corresponding to 16.1
km in less than 40 minutes. In the urban-concept category,
a stop is mandatory during at each lap. To evaluate prototype
car efﬁciency, the fuel quantity carried on board is measured
before and after the attempt. Wide range of fuels can be
used (Unleaded gasoline; diesel; LPG; GTL; fatty acid methyl
ester; ethanol E100 and hydrogen). In our fuel cell category,
an ofﬁcial ﬂow meter is used to measure the volume of
hydrogen consumed during the attempt. This amount of energy
is converted into kilometers per kWh. It is important to notice
that in the fuel cell category, battery is not allowed in the car
except for safety purposes, i.e. to power the car-horn and the
hydrogen sensor.

A. Mechanical model
In order to obtain the dynamical behavior of the vehicle, the
mechanical equations must be solved. To run, the vehicle has to
overcome the efforts due to the aerodynamic Faero , the slope
Fslope and the rolling resistance due to friction between the
wheel and the road Frr . The fundamental law of the mechanic
gives the next equation to solve (see Figure 3) [13]:
d v(t)
= Fw − Frr − Fslope − Faero − Fbrake
(1)
dt
where m is the mass of the vehicle, Fw is the propulsion force
applied to wheel through the electrical motor and Fbrake the
mechanical braking force.
m
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In this section, a dynamical model of the vehicle is
proposed. For a set of input parameters (e.g. motor current,
road slope, ambient temperature,...) this model calculates the
evolution of the various system states, the losses and the
consumption of each subsystem (see Figure 2). This model
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Dynamical model of the mechanical part of the vehicle.

The aerodynamic force Faero is computed from the mechanical parameters of the vehicle and the wind speed vwind :
1
2
ρair S Cx (v(t) + vwind )
(2)
2
with ρair the mass density of air, Cx the drag coefﬁcient, S the
frontal area, v(t) and vwind respectively the vehicle and wind
velocities (in m.s−1 ). The forces due to the rolling resistance
and the road inclination are calculated from the mass m of the
vehicle and the slope rslope given in % :
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Tank-to-wheel model.

is organized around six main blocks: The mechanical part, the
propulsion motor, the power converter, the fuel cell, the stack
accessories coupled to a thermal model, and the control laws
and supervision. This dynamical model is oriented towards
the optimization and must be solved quickly. Thus, only the
velocity v and the stack temperature Tst , which are the slowest
variables, are taken into account. All other dynamics are
considered fast enough to be regarded as instantaneous.
The urban-concept Cityjoule presented in this paper is
made of two identical power trains, each supplying one of
the two rear wheels. In the next sections, only one power train
is studied.
In a previous work, the modelization of the ironless DCmotor, the power converter and the fuel cell have already been
developed [8]. Therefore, this work focuses on the other parts
of the system, i.e. the mechanical and thermal modeling, the
driving and auxiliary management laws.

Fslope

=
=

m g fr cos (arctan (rslope ))
m g sin (arctan (rslope ))

(3)
(4)

The total drive Force Fw applied through both rear wheels is
calculated from the motor torque Γm , such as:
rgear
Γm
Fw = η g
(5)
R
where R is the wheel radius, rgear the gearbox ratio of the
transmission and ηg its efﬁciency.
B. Thermal model of the fuel cell stack
The typical nominal power of a powertrain for an urbanconcept car is below 1 kW. For such relatively low power
need, the auxiliary devices of the system play a crucial role
in the total energy consumption. It is well known that fuel
cell stack auxiliaries cause a drop in system efﬁciency at low
power. It is therefore necessary to take their consumption into
account [11], [14]–[16]. For this vehicle, the accessories of
the fuel cell are limited to a air blower and a cooling fan.
The operation and the consumption of these accessories are
presented in this section. The thermal source Pth src due to the

irreversibilities of the electrochemical reaction, is evacuated
through many different paths. In this work, it is considered
that thermal evacuation is achieved by the air ﬂow rate in fuel
cell channels Pth ab , the liquid-vapor phase change Pth stm of
the water produced by the electrochemical reaction of the fuel
cell, the natural convection Pth nat and the forced convection
assured by the cooling blower Pth cb . Thus, a dynamical
thermal model can be expressed by next equation [17], [18]:

The last term of the equation (6) is the forced convection by
the cooling blower. For the studied fuel cell stack, each cell is
separated from the other by a corrugated iron sheet. Knowing
the air ﬂow-rate ṁcb and considering a perfect exchange with
the fuel cell, the thermal power evacuated by the cooling
blower is given by:

d Tst
= Pth src − Pth ab − Pth stm − Pth nat − Pth cb (6)
dt

Now that each part of the thermal model was described, its
coupling with the electrical model of the fuel cell stack and
accessories must been done. From the stack current Ist and
temperature Tst , equations (9), (10) and (12) can be directly
calculated. For equation (13), the air ﬂow rate is an input
parameter for the model. In this work, it is considered that
the cooling blower is controlled through its voltage Ucb . The
same assumption is made for the control of the air blower
(Uab ).

The thermal source Pth src is calculated from the total power
supplied by the PEMFC and its polarization curve:
Pth src = (ncells EN ernst − Ust ) Ist

(7)

where EN ernst is the reversible voltage of a cell, calculated
from the Nernst equation [19], [20] and ncells the number of
cells.
The air ﬂow in the air channel, produced by the air blower,
permits to evacuate a part of the heat by forced convection.
The air ﬂow Qv ab (in l.min−1 ), for given Stoechiometric-ratio
Sc and stack current Ist , is given by next equation:
Qv ab = 60000

5 Rc (273, 15 + Tst )
Ist ncells Sc
4 Pa F

(8)

with Rc the ideal gas constant (8.31 J.mol−1 .K−1 , Tst ) the
stack temperature (in ◦ C) and Pa the atmospheric pressure
(101300 Pa). By assuming a perfect exchange between the air
channel and the stack, the output of air temperature is equal
to the mean stack temperature Tst . Moreover, the input air
temperature is equal to the ambient Tamb . Then the evacuated
thermal power is:
Pth ab =

1
ρair Qv air Cp air (Tst − Tamb )
60

(9)

where ρair is the air density (1.2 kg.m−3 ), Cp air its speciﬁc
heat (1000 J.K−1 kg−1 ).

Measurements on this fuel cell assembly allow to deduce
the airﬂow and power consumption of the auxiliaries, as shown
in Figure 4.
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where ṁH2O is the water mass ﬂow-rate (g.s−1 ) evacuated
through the air channel and LH2O the latent heat of vaporization (2500 kJ.kg−1 ). The amount of water produced by the
reaction depends only on the stack current Ist provided by the
fuel cell. The ﬂow-rate ṁH2O is then given by the following
equation:
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The natural convection exchange coefﬁcient is deduced
from experimental measurements and expressed as :
Pth nat = knat (Tst − Tamb )
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The water produced during the electrochemical reaction in
liquid form [20], [21]. Assuming that this water is completely
drained through the air channel in vapor form, the power
drained by the liquid-vapor phase change is given by:
Pth stm = ṁH2O LH2O

(13)

The air ﬂow rate of the cooling blower and air feeding fan
are measured on a fuel-cell stack made of 28 cells (31 cm2 of
active area) manufactured by the society MES. The cooling
system is a 12 V radial blower, Micronel U97 and the air
feeding fan is a 12 V axial blower, Micronel D484.
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For both blower, a least squares regression is used to ﬁt
the experimental datas:
Qv ab = 0.75 Uab
Qv cb = 4.00 Ucb

and
and

3
Pab = 4.0 Uab
3
Pcb = 7.5 Ucb

(14)
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C. Driving and auxiliary management laws
The last part of the model to be detailed is the supervision
with the control laws. These functions are performed by a
microcontroller ATMEGA 128. This system receives and processes various information such as the setting motor current,
stack temperature, fuel cell current, vehicle velocity, etc.
For the cooling regulation, an hysteresis controller is used.
The cooling blower is turned on with a given voltage value,
if the temperature exceed a threshold value Tmax and while it
remains greater than a lower value Tmin . Even if this control
law is not optimal, it has the advantage of being extremely
robust with respect to changes in operating conditions (stack
losses, ambient temperature, ...). Further, to smooth the power
supplied by the stack, the cooling blower is supplied only
during the free-wheel phase (i.e. deceleration phase), when
the electrical motor is turn off and the vehicle consumption is
minimum (see Figure 5).
For the driving strategy, each lap of the race can be decomposed in three sequences. The ﬁrst one is a starting phase
from 0 km/h to an intermediate velocity vmin , with a constant
motor current Istart . During this phase, the acceleration should
be high enough so as not to lose too much time for the rest of
the lap. In contrast, for a too high torque applied to the wheel,
the power train efﬁciency could be greatly reduced.
The second phase is a constant speed strategy. The objective is to maintain an average speed as constant as possible,
with the greatest possible efﬁciency. In ref. [8], it is shown
that the optimum efﬁciency is obtained by performing a
series of acceleration and free wheel. The acceleration phases
are carried out with the optimum torque, which maximizing
the energy efﬁciency of the power chain. The parameters to
be optimized are the motor current Iacc applied during the
acceleration phases and speed hysteresis thresholds vmin and
vmax . The optimization of these parameters must improve the
global energetic performance of the vehicle.
D. Formulation of the optimization problem
For the optimization of this problem, a standard formulation is used. The objective function can be expressed has the
minimization of the fuel consumption on a full race (10 laps),
under constraint of a minimum average speed of 25 km/h: The
tank-to-wheel model illustrated by Figure 2 is implemented in
Matlab. The state-space variables taken into account are the
velocity v(t) and the stack temperature Tst(t) , according to
equations (1) and (6). Both equations are computed using a
4th order Runge-Kutta ODE solver.
A particle swarm algorithm is used with ﬁve input parameters (see Figure 5), which are the motor currents Istart and
Iacc , the maximum and minimum speeds vmin and vmax , and
the gearbox ratio rgear between the electric motor and the
wheel. The tuning of the particle swarm algorithm is classical,
with a population of 50 particles and a maximum number of
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iterations of 200 [22]. To sum up, the optimization problem
can be formulated such as:
Minimize : f (x) = (fuel consumption)
with : x = {Istart ; Iacc ; vmin ; vmax ; rgear }
subject to :

vmin ≤ vmax
mean (v(t)) ≥ 25 km/h
IV.

R ESULTS

The optimization results for the runs of the shell eco
marathon in Rotterdam is summarized by Table I. This optimisation takes into account the slope of the road and is obtained
for an ambient temperature of 25◦ C. The list of the vehicle
parameters, used for the optimization, is given by Table II.
As shown in Figure 6, the vehicle is launch in 30 secondes
(0-25km/h). An average speed of 27km/h is then maintained
with a small velocity ripple of 1.6km/h, due to the successions
of acceleration and free wheel phases. At the end the vehicle
is able to brake very quickly and efﬁciently. During the lap,
and by considering an initial temperature of 41◦ C, the cooling
system is activated during the free wheel phases to maintain a
stack temperature between 41 and 44◦ C.
With this set of parameters, the global tank-to-wheel efﬁciency for one lap of the race is greater than 45 % and
an energy performance of about 500 Wh/100km (i.e. an
equivalent consumption of 1 LSP95 for 1800 km) is achieved.
This simulation result is obtained for ideal climatic conditions
without wind. This performance can thus be viewed as being
the maximum value to be reached by the vehicle.
Considering the thermal behavior of the fuel cell, the proposed dynamical model permits to estimate the repartition of
the heat through the various possible paths (natural convection,
air feeding, liquid to vapor phase, cooling system). Figure 7
gives the thermal power repartition in steady state, to maintain
an average temperature of 43 degrees, as shown on Figure 6.
Heat is thus mainly evacuated by the cooling system and the

TABLE I.

liquid to steam phase change of the water produced by the
reaction. It must be noted that the assumption of a complete
conversion to steam of the water produced in liquid form is
still debating by the scientiﬁc community [21], [23]–[25]. That
is why in future works, experimental measurements must be
done to conﬁrm this hypothesis.

O PTIMIZATION RESULT.

Parameter
Istart
Iacc
vmax
vmin
rgear
Average velocity
Fuel cell losses
Motor losses
DC-DC converter losses
Mechanical transmission losses
Supervision system consumption
Mechanical energy
Hydrogen consumption
Tank-to-wheel efﬁciency
Performance

Value
10.8 A
3.1 A
27.8 km/h
26.2 km/h
200/14
25.0 km/h
3.04 Wh/lap
0.39 Wh/lap
0.23 Wh/lap
0.11 Wh/lap
0.37 Wh/lap
3.7 Wh/lap
7.96 Wh/lap
46.20 %
4.94 Wh/km
1855.75 km/LSP 95

vmax =27.8 km/h

Velocity (km/h)
Current (A)

20
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0

50

150

100

200

Heat evacuation paths for an average temperature of 43◦ C.

Figure 8 presents the Sankey diagram of the powertrain
for a lap. This energy diagram reveals that the main source of
energy loss is the PEMFC stack: 38% of the primary hydrogen
energy is lost in the electrochemical process. A total of 4.6%
of the primary energy is consumed by the fuel cell stack
auxiliaries, constituted by the air blower and the cooling fan.
Finally, 46% of the primary hydrogen energy is available to
the wheel.
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Fig. 6. Optimal proﬁls for one lap of the Cityjoule vehicle, on the Rotterdam
race.

C ONCLUSIONS

In this paper, an analytical tank-to-wheel model of an
Urban-Concept fuel cell vehicle is presented. It takes into
account the mechanical needs, the losses of each stage of the
power train (fuel cell and auxiliaries, power converter, motor,
transmission) and the dynamical thermal behavior of the fuel
cell to account accurately the consumption of the fuel cell stack
auxiliaries consumption. Using a set of ﬁve driving parameters
(speed thresholds, gear ratio and motor currents), an optimal

driving strategy is obtained using a global optimisation algorithm. This multi-physics and dynamic model is based on the
consumption and the main interactions between the various
elements of the car. Therefore, the optimal driving strategy is
obtained using a global optimisation algorithm which accounts
for race constraints. This optimization leads to a maximum
performance of 500Wh/100km for this urban vehicle, with an
average speed of 25km/h. During the 2014 Shell-eco Marathon,
the Polyjoule team was ranked in ﬁrst place in the fuel cell
category, with a performance of 660Wh/100km. In 2015, with
the same vehicle and driving strategy, the team still obtained
the ﬁrst place, but with a performance of 800Wh/100km. This
difference between these two results is mainly explained by
the meteorological conditions, and especially wind, ambiant
temperature and relative humidity. Then, futur works will be
focus on the inﬂuence of these parameters to the vehicle
performances.
TABLE II.

[7]

[8]

[9]

[10]

[11]

[12]

PARAMETERS OF THE VEHICLE .

Parameter
masse
drag coefﬁcient
frontal area
air density
rolling resistance coefﬁcient
transmission efﬁciency
number of cells
mass of the fuel cell
heat capacity of the fuel cell
heat capacity of the air
latent heat of vaporization
natural convection coefﬁcient
ambiant temperature
high threshold temperature
low threshold temperature
oxygen stoechiometric-ratio

Symbol
m
Cx
S
ρair
fr
ηg
ncells
mf c
Cp
Cp air
LH2O
knat
Tamb
Tmax
Tmin
Sc

Value
150kg
0.1
0.88m2
1.2kg.m−3
2.10−3
0.95
28
1kg
750 J.kg−1 .K−1
1000 J.kg−1 .K−1
2500 kJ.kg−1
0.25 W.K−1
25◦ C
44◦ C
41◦ C
5
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