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This paper presents the optimization of the driving strategy of a high efficiency fuel cell

based power train. This power train is developed to equip a light duty urban-concept

vehicle that runs energetic races. The objective is to go the furthest with the lowest

quantity of fuel. A comprehensive dynamical model is presented, including the mechanical

requirement, the thermal behavior of the fuel cell stack and the various losses and con-

sumptions of the power train devices. This model is next integrated into a global optimi-

zation algorithm, to determine the best race strategy to be adopted. These results are

validated on experimental measurements, obtained during a real race at the Shell Eco-

Marathon, in 2015.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Given the new economic and ecological issues, car manufac-

turers should focus on alternative energy sources, such as

electric batteries or fuel cells [8,10,27,32,33,35,36,38]. Although

still young and hard to handle, fuel cells, and particularly

Proton Exchange Membrane Fuel Cells (PEMFCs), 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 [11,37]. For
niv-nantes.fr (J.-C. Olivie
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several years, a prototype vehicle with extremely low energy

consumption has been developed by researchers and elec-

trical engineering students, to run energetic races [28,34,39].

The energy source of this vehicle is a PEMFC. From 2010 to

2012, this vehicle has been recognized by the Shell group

(through the 2010 edition of the Shell Eco-marathon compe-

tition, on the EuroSpeedway race track, Germany) as theworld

most energy efficient car, with an equivalent consumption of

only 0.02 L 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 con-

sumption is developed (see Fig. 1). It comes under the urban-
r).
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Fig. 1 e The Urban-Concept vehicle Cityjoule.
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concept 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 opti-

mized, from the mechanical angle (drag coefficient, frontal

area, slop, road-wheel friction, weight) to the electrical ar-

chitecture (power converter, motor efficiencies and fuel cell

peripheral elements consumption). This optimization has

been done in previous works, but without taking into account

the driving strategy [34]. 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 profile and the race constraints

(average speed, stop at each turn, etc.) [1,5,7,31]. 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 structured as follows: In section Presentation

of the race and vehicle characteristics, the vehicle specifica-

tions 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 Multi-Physics modeling of

the powertrain, 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 optimization results

are given in Section Results, which allow to achieve a driving

strategyminimizing the final energy consumed by the vehicle.

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 Conclusions.
Fig. 2 e Tank-to-wheel model.
Presentation of the race and vehicle
characteristics

The urban-concept car and its associated fuel cell power train

were both designed and built to participate in the Shell Eco

Marathon energetic race (Rotterdam, Netherlands). The prin-

ciple 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

laps of the race track corresponding to 16.1 km in less than

40 min. 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 gas-

oline; diesel; LPG; GTL; fatty acid methyl ester; ethanol E100

and hydrogen). In the 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 kilo-

meters 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.
Multi-physics modeling of the powertrain

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 Fig. 2).

This model is organized around six main blocks: The me-

chanical 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 state variables, are taken into ac-

count. All other dynamics are considered fast enough to be

regarded as instantaneous (see Fig. 3).

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.

Fuel cell

The fuel-cell stack has a power rate of 800W and is composed

of 28 cells connected in series, each of them having an active

area of 60 cm2. A PEMFC ismainly described by its polarization

curve. It gives the voltage level Ust according to the supplied

current Ist. The electrochemical equations give a relation

http://dx.doi.org/10.1016/j.ijhydene.2017.06.243
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Fig. 4 e Ideal waveform of the DC-motor current im
considered for losses calculation.
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between the output voltage Ust (in V) and the stack efficiency

hstack:

hstack ¼
1000 f Ust

ncells LHVH2

(1)

where f is the Faraday constant (96,485.34 C mol�1), ncells the

cells number and LHVH2
the lower heating value of hydrogen

(119.96 106 J kg�1). Moreover, the hydrogen flow QH2 (l/s), i.e.

the instantaneous hydrogen consumption, is linked to the

output current Ist:

QH2 ¼ Ist ncells MH2

frH2

(2)

where rH2 is the hydrogen density and MH2 is the molar mass

of hydrogen.

Power converter

The proposed DC/DC power converter used in the power train

is a classical asynchronous buck converter, located between

the PEMFC and the DC-motor (see Fig. 3).

This model take into account the losses in the power stage

(conduction and commutation losses of MOSFET and Schottky

diode), in the smooth inductance (copper andmagnetic losses)

and in the small signal electronic control (voltage regulator,

current sensor, …) [6,28,29]. The proposed model allows the

computation of the converter efficiency hDCDC, knowing the

power Pm applied to the electrical motor and the losses Plosses :

hDCDC ¼ Pm

Pm þ Plosses
(3)

with

Plosses ¼ Pc
mosfet þ Pc

diode þ Psw þ Pc
ind þ Pmag

ind þ Psupply (4)

with Pc
mosfet and Pc

diode the conduction losses in the power com-

ponents, Psw the switching losses in the power stage, Psupply the

control part consumption, Pc
ind and Pmag

ind the copper and mag-

netic losses in the smooth inductance.

Conduction losses in the Schottky diode and the power

MOSFET can be easily calculated by considering an ideal

waveform of the motor current im, has given by Fig. 4.

Assuming a conduction time aT for the MOSFET, its
Fig. 3 e Diagram of the DC
conduction losses for an average current Im, with a current

ripple DI, are given by:

Pc
mosfet ¼

1
T

ZaT

0

RdsðonÞi
2
mðtÞdt ¼ RdsðonÞa

�
DI2

12
þ I2m

�
(5)

where Rds(on) is the equivalent resistance of the MOSFET and a

the duty cycle, i.e. the ratio between the output voltage of the

power stage and the voltage supplied by the fuel-cell. With the

same approach, the conduction losses in the Schottky diode

are given by:

Pc
diode ¼

1
T

ZT

aT

ðUd0 þ RdimðtÞÞimðtÞdt

¼ ð1� aÞ
�
Rd

DI2

12
þ RdI

2
m þ Ud0Im

�
(6)

with Ud0 the equivalent drop voltage of the diode and Rd its

equivalent resistance.

For the switching losses in the power MOSFET and the

Schottky diode, the considered waveforms are deliberately

simplified and only allow a rough assessment of the switching

losses. The used method for the MOSFET losses calculation is

based on the gate charge characteristic [23,28e30]. The

switch-on commutation starts once the gate voltage exceeds

the threshold voltage Vgs(th) (see Fig. 5). During fall-time of the

MOSFET voltage (generally supposed greater than the current

rise time which is generally neglected), the gate-to-source

voltage Vdr is nearly constant due to the Miller effect. The

gate current supplied by the driver is then given by:
/DC power converter.

http://dx.doi.org/10.1016/j.ijhydene.2017.06.243
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Fig. 5 e Total gate charge Qsw during a commutation for the

nominal current (from the IRFZ44N MOSFET datasheet).
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Ig ¼ Vdr � VgsðplateauÞ
Rg

(7)

where Rg is the total gate resistance and Vgs(plateau) is the value

of the gate voltage during the switch-on transient, obtained

from datasheet as illustrated by Fig. 5. The total gate charge

Qsw can also be deduced from this figure and finally, the

switch-on time ton can be obtained with:

ton ¼ Qsw

Ig
¼ Rg

Qsw

Vdr � VgsðplateauÞ
(8)

The switch-off time toff calculation is obtain from the same

Eqs. (7) And (9), but this time with a null driver voltage Vdr:

toff ¼ Rg
Qsw

VgsðplateauÞ
(9)

Now, the energy losses can be calculated, considering

linear variations of the voltage and the current during the rise

and fall times. At the switch-on time, the load current is equal

to Im þ DI. The switch-on energy is given by:

Eon ¼ 1
2
ðIm þ DIÞUstton (10)

At the switch-off time, the load current is equal to Im � DI

and the switch-off energy is then given by:

Eon ¼ 1
2
ðIm � DIÞUsttoff (11)

Finally, the switching losses can be evaluated, knowing the

switching frequency fsw:

Psw ¼ �
Eon þ Eoff

�
fsw (12)

For the coil inductance, used to smooth the current in the

ironless motor, the losses occur in the aluminiumwinding (to

reduce the weight of the coil) and in the iron core. With a

current waveform as shown in Fig. 4 and with an equivalent

serial resistance rL, these losses are given by:
Pc
ind ¼

1
T

ZT

0

rLi
2
mðtÞdt ¼ RL

�
DI2

12
þ I2m

�
(13)

For the core losses, hysteresis and eddy current have to be

taken into account. But due to the high complexity to find

analytical formulation, manufacturers typically used the

Steinmetz relationshipwhich only need three parameters and

can be practically identified [26]. The conventional formula-

tion of this relationship is obtained from themagnetic loss per

unit, expressed in W/m3 and given by:

py mag ¼ kmf
a
swDI

b (14)

where km, a and b are parameters of thematerial. Knowing the

core volume Vcore, core losses are obtained by:

Pmag
ind ¼ Vcore py mag (15)

Finally, the small signal electronic part consumption is

taken into account by a constant power value Pctrl and the Hall

effect current sensor consumption Pcs is taken into account

with a power proportional to the motor current Im:

Psupply ¼ Pctrl þ Pcs ¼ kcsVcs

��Im��þ Pctrl (16)

where Vcs is the supply voltage of the current sensor and kcs
the ratio between the measured current and the small signal

current coming from the Hall-effect sensor.

Ironless DC-motor

The power converter supply a 200W brushed DCmotor with a

nominal voltage of 24 V (MAXON RE50). The choice of this

motor is linked to its high efficiency (above 94%) despite its

low power rating. Moreover, the DC motor is iron-less, thus

without hysteresis and eddy current losses. The losses in the

DC motor are: the dry and viscous friction on the shaft, the

Joule losses in the wiring and the voltages drop in the brushes.

The expression of the motor efficiency can then be obtained

from the following equation:

hmotor ¼
kfumotðIm � ðkv umot þ kdÞÞ
ðkf umot þ r Im þ EbÞIm (17)

where kf is the torque constant (Nm A�1), umot is the rotation

speed (rad s�1), Im is the motor current (in A), kv is the viscous

friction constant (in A rad�1 s), kd is the dry friction constant

(in A), r is the wiring resistance (in U) and Eb is the voltage drop

in the brushes (in V).

Mechanical modeling

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 Fig. 6) [31]:

m
dvðtÞ
dt

¼ Fw � Frr � Fslope � Faero � Fbrake (18)

http://dx.doi.org/10.1016/j.ijhydene.2017.06.243
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Fig. 6 e Dynamical model of the mechanical part of the vehicle.
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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.

The aerodynamic force Faero is computed from the me-

chanical parameters of the vehicle and the wind speed vwind :

Faero ¼ 1
2
rairSCxðvðtÞ þ vwindÞ2 (19)

with rair 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 themassm of the

vehicle and the slope rslope given in %:

Frr ¼ m g fr cos
�
arctan

�
rslope

��
(20)

Fslope ¼ m g sin
�
arctan

�
rslope

��
(21)

The total drive Force Fw applied through both rear wheels is

calculated from the motor torque Gm, such as:

Fw ¼ hg

rgear
R

Gm (22)

where R is the wheel radius, rgear the gearbox ratio of the

transmission and hg its efficiency.

Thermal model of the fuel cell stack

The typical nominal power of a powertrain for an urban-

concept 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 [3,4,7,15,16]. For this vehicle, the accessories of the

fuel cell are limited to an air blower and a cooling fan. The

operation and the consumption of these accessories are pre-

sented in this section. The thermal source Pth src due to the

irreversibilities of the electrochemical reaction, is removed

through many different paths. In this work, it is considered

that thermal removal 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 ther-

mal model can be expressed by next equation [19,20]:

mfcCp
dTst

dt
¼ Pth src � Pth ab � Pth stm � Pth nat � Pth cb (23)

The thermal source Pth src is calculated from the total power

supplied by the PEMFC and its polarization curve:

Pth src ¼ ðncells ENernst � UstÞIst (24)

where ENernst is the reversible voltage of a cell, calculated from

the Nernst equation [22,25] and ncells the number of cells.

The air flow in the air channel, produced by the air blower,

permits to remove a part of the heat by forced convection. The

air flow Q v ab (in l min�1), for given Stoechiometric-ratio Sc and

stack current Ist, is given by next equation:

Q v ab ¼ 60000
5Rcð273;15þ TstÞ

4Paf
IstncellsSc (25)

with Rc the ideal gas constant (8.31 J mol�1 K�1, Tst) the stack

temperature (in +C) and Pa the atmospheric pressure

(101,300 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 ¼ 1
60

rairQvairCpairðTst � TambÞ (26)

where rair is the air density (1.2 kg m�3), Cpair its specific heat

(1000 J K�1 kg�1).

The transport of water through the different fuel cell

components (membrane, diffusion layers and channels) is still

being debated by the scientific community. However, with the

emergence of imaging techniques, such as X-ray or Neutron

radiography, the co-existence of vapor and liquidwaterwithin

the fuel cell has been emphasized by several authors

[2,9,13,14,21]. In presence of saturated gas in cathode chan-

nels, the water produced in vapor at the catalyst layer flows

through the microporous layer before to condensate in the

http://dx.doi.org/10.1016/j.ijhydene.2017.06.243
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macro-porous layer. The liquid water is then transported

under capillary fingering regime and removed toward the

channels in an eruptive regime [14,21]. Nevertheless, the

particular fuel cell operating conditions used in this study, i.e.

low current density, high air stoichiometry, low relative hu-

midity (ambient air) and dead-ended anode, may lead to

significantly different transport regime. As a result, Lee et al.

[18] reported an absence of liquid water in the channels of a

fuel cell operating in similar conditions. According to this, the

present model assumed that the liquid water presents in the

GDL is evaporated and drained through the channel in vapor

form. Thus, the power drained by the liquid-vapor phase

change is given by:

Pth stm ¼ _mH2OLH2O (27)

where _mH2O is the water mass flow-rate (g s�1) evacuated

through the air channel and LH2O the latent heat of vapor-

ization (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 _mH2O is then given by the following

equation:

_mH2O ¼ ncells
Rcð273:15þ TstÞ

4PaF
Ist (28)

The natural convection exchange coefficient is deduced

from experimental measurements and expressed as:

Pth nat ¼ knatðTst � TambÞ (29)

The last term of Eq. (23) 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 _mcb (attention, Q v cb apr�es) and considering a

perfect exchange with the fuel cell, the thermal power

removed by the cooling blower is given by:

Pth cb ¼ rairQ v cbCp airðTst � TambÞ (30)

Now that each part of the thermalmodel was described, its

coupling with the electrical model of the fuel cell stack and

accessories must be done. From the stack current Ist and

temperature Tst, Eq. (26), (27) and (29) can be directly calcu-

lated. For Eq. (30), 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 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 societyMES [24]. The cooling

system is a 12 V radial blower, Micronel U97 and the air

feeding fan is a 12 V axial blower, Micronel D484.

Measurements on this fuel cell assembly allow to deduce

the airflow and power consumption of the auxiliaries, as

shown in Fig. 7.

For both blower, a least squares regression is used to fit the

experimental datas:

Q v ab ¼ 0:75Uab and Pab ¼ 4:0U3
ab (31)

Q v cb ¼ 4:00Ucb and Pcb ¼ 7:5U3
cb (32)
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 pro-

cesses 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 turned off and the vehicle con-

sumption is minimum (see Fig. 8).

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 accelera-

tion should be high enough so as not to lose toomuch 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. [34], it is shown that the

optimum efficiency is obtained by performing a series of ac-

celeration 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.

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 Fig. 2 is implemented in Matlab.

The state-space variables taken into account are the fuel

consumption mH2, the velocity v(t) and the stack temperature

Tst(t), according to Eqs. (18) and (23). Both equations are

computed using a 4th order Runge-Kutta solver for one lap

and using a relaxationmethod to reach a thermal equilibrium.

Indeed, it is easier and safer to rely on a nominal thermal

operating point. The problem is then formulated as an ordi-

nary differential equation (ODE) such as:

dx
dt

¼ fðx; tÞ; with xð0Þ ¼ x0 (33)

where the state space vector xðtÞ ¼ ½v; Tst; mH2�T. The relaxa-

tion method intends to reinject the final temperature value of

the simulation (one lap here) as the initial value of the next

calculation. To accelerate the convergence, the

initial temperature is chosen equal to the lower bound of the

http://dx.doi.org/10.1016/j.ijhydene.2017.06.243
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Fig. 7 e Characteristics of the cooling and air blowers.
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regulator (around 40 +C). The steady state is achieved in just a

few iterations.

For the optimization, a particle swarm algorithm is used

with five input parameters (see Fig. 8), which are the motor

currents Istart and Iacc, the maximum speed vmax, the speed

ripple DV which is the difference between vmax and vmin, 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

iterations of 200 [12]. To sumup, the optimization problem can

be formulated such as:

Minimize: gðpÞ ¼ ðfuel consumptionÞ

with: p ¼ �
Istart; Iacc;vmax;DV; rgear

�

subject to: meanðvðtÞÞ � 25km=h and maxðTstðtÞÞ< 45�C
Both constraints are evaluated at the end of each simula-

tion. If a constraint is not respected, the solution is degraded

by the addition of a weight on the objective function:

gðpÞ)gðpÞ þ 2
25�meanðvÞ

fv þ 2
maxðTstÞ�45

fT (34)

where fv and fT are the setting weights on the velocity and

temperatures respectively.
Results

The optimization results for the runs of the shell eco mara-

thon in Rotterdam is summarized by Table 1. This optimiza-

tion 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 3. As

shown in Fig. 9, the vehicle is launch in 30 secondes (0e25 km/

http://dx.doi.org/10.1016/j.ijhydene.2017.06.243
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Fig. 8 e Typical speed, current and temperature profiles for each lap.

Table 1 e Optimization result.

Parameter Value

Istart 10.8 A

Iacc 3.1 A

ymax 27.8 km/h

DV 1.6 km/h

rgear 200/14

Average velocity 25.0 km/h

Fuel cell losses 3.04 Wh/lap

Motor losses 0.39 Wh/lap

DC-DC converter losses 0.23 Wh/lap

Mechanical transmission losses 0.11 Wh/lap

Supervision system consumption 0.37 Wh/lap

Mechanical energy 3.7 Wh/lap

Hydrogen consumption 7.96 Wh/lap

Tank-to-wheel efficiency 46.20%

Performance 4.94 Wh/km

1855.75 km/LSP95

Table 2 e Sensitivity of the optimization results against parameter variations.

Reference Istart Iacc vmax DV rgear

optimization 10.8 A 3.1 A 27.8 km/h 1.6 km/h 200/14

variations þ0.1 A þ0.1 A þ1.0 km/h þ0.1 km/h e

consumption 4.9 Wh/km þ0.90% þ0.08% þ2.59% þ3.14% e

average speed 25.0 km/h þ0.21% þ0.04% þ1.23% þ0.18% e

Stack temperature 42.90C+ þ0.05% þ0.02% þ0.32% þ0.15% e

Table 3 e Parameters of the vehicle.

Parameter Symbol Value

mass M 150 kg

drag coefficient Cx 0.1

frontal area S 0.88 m2

air density rair 1.2 kg m�3

rolling resistance coefficient fr 2.10�3

transmission efficiency hg 0.95

number of cells ncells 28

mass of the fuel cell mfc 1 kg

heat capacity of the fuel cell Cp 750 J kg�1 K�1

heat capacity of the air Cpair 1000 J kg�1 K�1

latent heat of vaporization LH2O 2500 kJ kg�1

natural convection coefficient knat 0.25 W K�1

ambiant temperature Tamb 25+C

high threshold temperature Tmax 44+C

low threshold temperature Tmin 41+C

oxygen stoechiometric-ratio Sc 5
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h). An average speed of 27 km/h is then maintained with a

small velocity ripple of DV ¼ 1.6 km/h, due to the successions

of acceleration and freewheel 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 freewheel phases tomaintain a

stack temperature between 41 and 44+C.

With this set of parameters, the global tank-to-wheel effi-

ciency for one lap of the race is greater than 45% and an energy

performance of about 500 Wh/100 km (i.e. an equivalent

http://dx.doi.org/10.1016/j.ijhydene.2017.06.243
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Fig. 9 e Optimal profiles for one lap of the Cityjoule vehicle, on the Rotterdam race.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 2 ( 2 0 1 7 ) 2 6 9 4 3e2 6 9 5 5 26951
consumption of 1 LSP95 for 1800 km) is achieved. This simu-

lation 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 pro-

posed dynamical model permits to estimate the repartition of

the heat through the various possible paths (natural convec-

tion, air feeding, liquid to vapor phase, cooling system). Fig. 10

gives the thermal power repartition in steady state, to main-

tain an average temperature of 43+C, as shown on Fig. 9. Heat
is thus mainly evacuated by the cooling system and the liquid

to steam phase change of the water produced by the reaction.

It must be noted that the assumption of a complete conver-

sion to steam of the water produced in liquid form is still

debated by the scientific community [14,17,18,21]. That is why

in future works, experimental measurementsmust be done to

confirm this hypothesis.

Fig. 11 presents the Sankey diagram of the powertrain for a

lap. This energy diagram reveals that the main source of en-

ergy loss is the PEMFC stack: 38% of the primary hydrogen

http://dx.doi.org/10.1016/j.ijhydene.2017.06.243
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Fig. 10 e Heat evacuation paths for an average temperature

of 43∘C.

Fig. 11 e Sankey diagram for one lap.
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energy is lost in the electrochemical process. A total of 4.6% of

the primary energy is consumed by the fuel cell stack auxil-

iaries, constituted by the air blower and the cooling fan.

Finally, 46% of the primary hydrogen energy is available to the

wheel.

Finally, a sensitivity analysis is conducted on the optimi-

zation results (see Table 2). From the data set obtained by

optimization, each variable is slightly modified to assess its

influence on different criteria. Thus, the starting current and

the acceleration current are increased by 0.1 A, the maximum

speed by 1 km/h and the speed ripple by 0.1 km/h. Because the

gear ratio is not considered as a strategy variable, it is not

modified. The sensitivity is computed on 3 different parame-

ters, which are the performance, the average speed and the

average value of the stack temperature along 1 lap.
These results show that the sensitivity of the driving

strategy on the performance is quite high and especially on

the velocity profile ymax and DV. A variation of only 1 km/h on

the maximum speed lead to a consumption increase of more

than 2%. This sensitivity is mainly due to the higher aero-

dynamic drag when the velocity increases. A quite high

sensitivity on the performance is also obtained for the

starting and acceleration currents, which is due this time to a

global lower efficiency of the powertrain. An important cri-

terion of a race is to consider the minimum average speed of

25 km/h. It is interesting to see that the increase in the motor

current (i.e. torque) does not significantly increase the

average speed vehicle, while it increases the vehicle con-

sumption. It seems then more interesting to increase the

maximum speed, while keeping the same velocity ripple and

motor current. With this strategy, the powertrain efficiency

remains optimum, aswell as the average number of starts per

lap. Finally, a sensitivity analysis is done on the average stack

Temperature, which is representative of the mean value of

the stack losses. Once again, the higher sensitivity is on the

velocity profile, due to an higher mechanical need when the

average speed increase. As a conclusion, the velocity ripple,

starting current and acceleration current must be as close as

there values obtained by optimization. To adapt the speed of

the car during a race, only the maximum velocity has to be

changed.
Experimental results on the Rotterdam track

During the 2015 edition of the Shell Eco-marathon, which took

place in May in the city center of Rotterdam, Netherlands, a

full run has been recorded. The measurements include the

instantaneous speed (via an in-vehicle GPS), the voltage and

current of both fuel cell stacks, and the stack temperature

(through a PT1000 sensor). The total distance covered is of

16 kmwhich is performed in 10 laps.With an average speed of

25 km/h, the duration of a run must not be more than 38 min

(i.e. 2300 s). Fig. 12 gives a comparison between experimental

results and simulation results obtained in the same condi-

tions, ie an ambiant temperature of 27+C (which is the tem-

perature inside the fuel cell compartment) and an equivalent

average wind speed of 15 km/h.

Finally, the measured results are very close to simulations.

The power supplied by each fuel cell stack reached in both

cases up to 250W, as well as the average power which is about

110 W. As explain before, the driving strategy bases on

changing only the maximum speed during the race, to adapt

the average speed per lap. Concerning the stack temperature,

the low and high thresholds are 5+C higher than in the pre-

vious section of this paper. This is due to the fact that the

temperature measurement is placed at the hottest point,

which is about 4e5+C above the average stack temperature.

With this slight adjustment, a good agreement is obtained.

The recorded performance for this run is 796 Wh/100 km, by

considering a lower heating value of 33 kWh/kg and a volumic

density of 0.08988 kg m�3. The simulation results give a con-

sumption of 820 Wh/100 km, that is to say an error of only 3%.

The difference with the performance of 500 Wh/100 km ob-

tainedwith ideal climatic conditions (see the previous section)
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Fig. 12 e Experimental (left) and simulation (right) results of a race on the Rotterdam track during the Shell Eco-Marathon

2015.
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and this measured result is mainly explained by the meteo-

rological conditions, and especially wind.
Conclusions

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, trans-

mission) and the dynamical thermal behavior of the fuel cell to

account accurately the consumption of the fuel cell stack

auxiliaries. Using a set of five driving parameters (speed

thresholds, gear ratio and motor currents), an optimal driving

strategy is obtained using a global optimization algorithm. This

multiphysical and dynamic model is based on the consump-

tion and the main interactions between the various elements

of the car. Therefore, the optimal driving strategy is obtained

using a global optimization algorithm which accounts for race

constraints. This optimization leads to a maximum perfor-

mance of 500 Wh/100 km for this urban vehicle, with an

average speed of 25 km/h. A sensitivity analysis is done and

shows that to adjust the average speed of the vehicle during a

real race, it is recommended to change the maximum value of

the speed profile without changing the motor currents or the

velocity ripple. Today, the powertrain of this urban concept

vehicle does not includes storage elements for the braking

energy recovering. This is mainly explained by the ultra light-

weight of the vehicle. Indeed, with a total weight of 150 kg, the
total recoverable kinetic energy at 25 km/h is only 1 Wh. Since

each lap requires about 8Wh of hydrogen energy, the potential

gain from such an energy recovery system remains below than

15%. Nevertheless, in the context of such energy competitions,

any gain of consumption is valuable. This is why the integra-

tion of supercapacitors in the vehicle is planed.
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