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Abstract—Fuel cells are electrochemical energy converters 

which allow transformation of the chemical energy of a fuel to 
electricity through oxido-reduction reaction. The voltage of an 
elementary cell is usually near 1 V in open circuit and around 0.6 
V in nominal conditions of power generation. Fuel cells are then 
by essence low voltage sources , so that for most practical 
applications, power management is carried out by electronic 
converters, allowing in particular to rise the voltage to usual 
application levels. 
In this paper, we propose to take advantage of this low voltage 
for a specific application such as superconducting coils power 
supply. The solution proposed here for the generation of the 
perfectly direct current relies upon a fuel cell fed by hydrogen. 
The main advantages to be taken from fuel cells operated at very 
low voltages are autonomy – no supply connected on the grid, 
ensured continuous operation, together with the electrical quality 
of the current generated, i.e. free. 
 

Index Terms—Current control, Power supply, Proton 
exchange membrane Fuel cell, Superconducting coil. 
 

I. INTRODUCTION 

he first demonstration of fuel cell (FC) was conducted by 
Sir William Grove in 1839 [1]. The research on fuel cell 

was very active in 1960 where fuel cells were developed for 
the NASA’s space program. Technology at that time let the 
Alkaline Fuel Cell (AFC) be the best choice of electrical 
source on the space shuttle. The first Proton Exchange 
Membrane Fuel Cell (PEMFC) was developed during this 
program. The breakthrough of DuPont on Nafion® membrane 
in late of 1960 made the PEMFC more suitable for real world 
application [2]. The research on fuel cells has been increased 
rapidly since 1997 by the awareness of the energy and 
environmental problems. Various types of fuel cell are 
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available, but PEMFC seems to be the most practical among 
the low temperature types. The application of the PEMFC 
range from small portable devices to stationary power supplies 
for resident or industrial use [3, 4]. 

Fuel cells are by essence low DC voltage sources, so that 
for most practical applications, power management is carried 
out by electronic converters, allowing in particular to rise the 
voltage to usual application levels. 

Besides fuel cells are not suitable when sudden variations of 
current are needed, principally because of the fairly slow 
response of the gas flow rate controllers. This slow dynamics 
results in the necessity to associate a buffer component e.g. 
batteries or supercapacitors, whose function is to deal with 
transient energy demands and to allow a reversible operation 
as well (fuel cells are usually not reversible energy 
converters).  

In this paper, we propose to take advantage of the natural 
low voltage character of the fuel cell to supply 
superconducting coils.  

First of all, PEMFC will be introduced together with the so 
called fuel cell system. Then, a potential application of fuel 
cell as controlled current source for superconducting coils will 
be highlighted. Finally, some prospects will be given. 

 
Potential applications are: 

•  Embedded systems propulsion, where the power 
generation is made by a fuel cell and a 
superconducting motor. Prospective studies are 
made in this direction for automotive applications 
and should be extended to naval and aerospace 
sectors [5], [6]. 

•  When the supply current of a superconducting coil 
is very high (several kA), a fuel cell can be more 
compact and simple to control. Usually, the fuel 
cell power density is about 600W/kg [7] 
comparing to classical power supply made with 
transformer and power electronics [8]. 

II. INTRODUCING THE PROTON EXCHANGE MEMBRANE FUEL 

CELL 

What makes PEM fuel cell interesting among others is the 
use of hydrogen as fuel. Since, hydrogen is a gas that can be 
created from water by electrolysis process; there is no risk of 
shortage. The electrolysis process consists in passing an 
electric current through the water which will be decomposed 
into oxygen and hydrogen gases. The PEMFC operating is 
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based on the reverse process. As long as re
to electrodes, the fuel cell can feed the load

A. Operating principle 

Membrane fuel cells consist of two elec
separated by a polymer electrolyte membr
the transport of gases and electrons. The
lying on the each side of the memb
Membrane-Electrode Assembly (MEA) of
as presented in Fig. 1. Protons gener
oxidation (1) migrate with water towards 
the membrane – which exhibits most ofte
water – to the cathode, and take part in oxy
water. Fuel cells can be characterized by 
available voltage with the delivered curre
in Fig. 2.  
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The basic fuel cell reaction (oxidation an

related to the resulting fuel cell current, I
law (3)-(5).2 moles of electrons are 
oxidation of 1 mole of hydrogen (3) a
produced water (5), as well as 4 moles 
oxygen reduction (4). 

The consumption of reactants (molar flu
in proportion with the fuel cell current, IFC

number of cells, Ncell, in the stack. The sam
production resulting from redox reaction. 
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Where F = 9.65.104 C/mol is the consta

cζ  are the stoichiometric coefficients at 

side, respectively. Most of time, fuel cell a

1c >ζ ) in order to compensate the pressur

a good repartition of the reactant all over th
Typical voltage of a cell at 0.5-0.6 A.cm

0.6 V.  Higher voltages can be obtained in 
connecting multiple cells in series which
stack. The maximum fuel cell current de
area of a fuel cell electrode that is to say
produce electricity from the supplied f
active area can raise the maximum current 
assume that the whole MEA area of a 
active; it means that the fuel cell can reach

 reactants are supplied 
oad.  

lectrode compartments 
brane preventing from 
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 of the individual cell, 
nerated by hydrogen 

 the cathode through 
ften a high affinity to 
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by the variation of the 
rrent density as shown 
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same applies for water 
 

       (3) 

       (4) 

       (5) 

stant Faraday. aζ , and

at anode and cathode 

ll are overfed ( 1a >ζ ,

sure drop and to allow 

r the catalyst layers. 
.cm-2 is of the order of 
 in fuel cell systems by 
ich form the fuel cell 
depends on the active 
say the area is able to 
 fuel. Increasing the 
nt rating. For instance, 
a 100 cm2 PEMFC is 
ch about 50 A. 

The cell voltage VFC is the 
(OCV) subtracted by the losse
 

FC act ohm concV OCV η η η= − − −
 

Figure 1.Sketch of a PEM s

 
TABLE I N

Symbol Quantity 

d Flow rate 
F Constant Faraday 
I Current  
J Current density 
N Molar flux 

Ncell Number of cell 
P Pressure 

OCV Open circuit voltag
R Ideal gas constant 
V Voltage 
T Temperature  
η  Voltage drop 

ζ  Stoichiometric coe

Sub

a 
act 
c 

cons 
conc 
FC 

m 
0 

ohm 
prod 

 
 
 

Figure 2. Single fue
 

2

he result of Open Circuit Voltage 
sses due to irreversibilities. 

oncη            (6) 

 

 single fuel cell cooled by water. 

NOMENCLATURE 

Units 

L/min 
 C/mol 

A 

A/m² 
mol/m² 

- 
Pa 

tage V 
 J/mol/K 

V 
K 
V 

oefficient - 

Subscripts 

anode 
activation 

cathode 
consumption 

concentration 
Fuel cell 

membrane 
Normal conditions 

ohmic 
production 

 

uel cell polarization curve. 
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A voltage proportion is lost in driving the chemical reaction 
that transfers the electrons. This voltage drop also called 
activation overvoltage is denoted ηact. As shown in Fig. 2, the 
activation overvoltage is highly non-linear. Activation losses 
are caused by the slowness of the reactions taking place on the 
surface of the electrodes. 

The straight part located in the middle of the curve 
corresponds to ohmic losses, ηm, and are mainly due to the 
membrane resistance, Rm. However, it has to be underlined 
that the membrane resistance depends on the fuel cell current, 
it is linked to the proton conductivity of the membrane. 

Concentration losses, ηconc, become significant at high 
current when the slow rate of the reactants transport is unable 
to meet the high demanded current. This voltage drop is 
caused by the slow rate of mass transport (diffusion limitation) 
that leads to the depletion of reactants in the vicinity of active 
reaction sites and the overaccumulation of reactants product 
which prevent the reactants from reaching the reactant sites. 

B. Fuel cell system 

Figure 3 presents an example of a fuel cell system fed by 
dry hydrogen from cylinder and humidified air. Set point of 
reactant flow rates are imposed by means of Flow Controllers 
(FC). There are normally closed electromagnetic valves at 
each gas inlet that ensure the shutdown of reactant supply in 
case of default and normally open valves at the outlets. 
Condensers can be used to collect water coming from 
unconsumed gases. In some fuel cell system, to avoid waste, 
unconsumed hydrogen is recovered and fed back to inlet. 
However, in doing so, the system is not only more expensive 
but also more complex. There is also an alternative in the 
regulation of fuel cell temperature, in some other systems; fuel 
cells are cooled by air. 

The reactant flow rate is set according to (7) 
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cellH 2

 [L.min-1]   (7) 

 
Where Ncell is the number of cells of the stack, Iref the 

demanded fuel cell current and ζa, ζc the anode and cathode 
stoichiometric coefficients respectively T0 = 273.16 K and 

P0 = 510013.1 ⋅  Pa. 
The fuel cell performance depends on several operating 

parameters such as fuel cell temperature, supply gas (or 
stoichiometric coefficients), relative humidity and operating 
pressure. 

Some experimental results presented in Fig. 4 to Fig. 6 
point out the influence of operating conditions on single fuel 
cell performances. 

 

Figure 3.PEM fuel cell system. 

 

C. Influence of operating conditions 

1) Influence of reactant flow rates 
The experiment was led on the single fuel cell fed by 

humidified air and dry hydrogen from cylinders. The fuel cell 
is cooled by water and its active area is 100 cm². 

As it can be seen in Fig. 4, the decrease of hydrogen flow 
rate does not make any difference on the fuel cell voltage. On 
the contrary, as air flow rate decreases, the fuel cell voltage 
decreases until air supply becomes insufficient (ζc=1.1) for the 
demanded current which leads to a strong drop of the voltage 
(Fig. 5). 

This phenomenon is called air starvation. Since the fuel cell 
is not overfed, air does not reach the entire active region and 
the reduction reaction does not occur uniformly in the cell [9].  

 

 

Figure 4.Single fuel cell polarization curves versus hydrogen flow rate. 
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2) Humidification and Fuel cell temperatu
Among the losses, a significant portio

membrane resistance. Its value depends o
of the membrane and the temperature. As i
6, the conductivity is improved as the 
humidified (and heated) [10-15]. Since
humidified using the air supply, air starvat
decrease of humidification and thus to volt

Figure 5.Single fuel cell polarization curves ve

 

Figure 6.Variation of membrane conductivity accor

water content. 
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part of the polarization curve that is t
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40 A leads to a fuel cell current step from
new current rating is maintained since the
is regulated around Iref = 20 A. Then, the cu

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0 10 20

V
F

C
[V

]

I FC [A]

6 8 10 12 14 16
0

5

10

15

20

Membrane water content [-]

M
e

m
b
ra

n
e

 C
o
n

d
u

ct
iv

ity
 [

S
/m

]

 

T=80°C
T=30°C
T=60°C

ature 
rtion comes from the 
s on the water content 
s it can be seen in Fig. 
he membrane is well 
ce the membrane is 

vation leads also to the 
oltage drop. 

 

s versus air flow rate. 

 
cording to temperature and 

TROLLED CURRENT 

ogen flow rate 

been highlighted the 
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s to say in diffusion 
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and voltage (Ch.2). A 
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the hydrogen flow rate 
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Figure 7. Demonstration of the c
(Iref= 20A- 40A- 20A) (Ch. 1. Fuel ce
H2 flow rate, Ch. 4. air flow rate). 

down to 20 A by decreasi
hydrogen 
As it can be seen, the transie
mainly due to hydrogen flow
be improved. However, in
applications, it is not detrimen

B. Operation condition settin

We have proved that the fu
source controlled by hydrogen
fuel cell to a superconductin
given in Table III. 

Some experiments have b
optimum operating condition 
source. Hence, polarization c
values of air relative humidity
III and Fig. 8). 

Setting the reference c
stoichiometric coefficient, ζa
current cannot exceed 10A. 
reach the catalyst sites and
current is slightly lower than 1

To run as a controlled curr
has to tend to zero, the best o
are to fed the fuel cell by dry a

IV. SUPPLY OF A SU

A. Test bench 

The test bench is compose
presented in Fig. 3. Usually, 
bubble which is not very 
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Mixing) is used. The single 
membrane fuel cell of 100 c
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asing the reference current, i.e., 

sient response is quite slow; this is 
ow controller, its regulation has to 
in the case of superconducting 
ental. 

tting 

 fuel cell is able to run as a current 
gen flow rate. Now, we connect the 
ting coil whose characteristics are 

 been firstly conducted to set the 
on of the single fuel cell as current 
n curves were plotted for different 
ity and fuel cell temperature (Table 

 current at 10 A and anode 
a,, at 1 means that the fuel cell 

. However, as some fuel does not 
nd is not consumed, the reached 
n 10 A, Fig. 8. 
urrent source, the fuel cell voltage 
t operating conditions, in this case, 
ry air under 40°C.  

 SUPERCONDUCTING COIL 

sed of a single fuel cell system as 
y, air is humidified by means of a 
y convenient when regulation is 
stem (Controlled Evaporation and 
le fuel cell is a proton exchange 
cm2 active area manufactured by 
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UBZM (Germany) connected to a superco
III and Fig. 10). This coil has already been
liquid nitrogen by an improved method [17

There are flow controllers (FC) at each 
The set point flow rates are imposed by me
electronic card (dSPACE® DS1104 card) u
with Matlab-Simulink® software according

 

Figure 8.Polarization curves while varying the tem
humidity of inlet air. 

 

Figure 9.Test bench of a single PEM fuel cell connec
coil cooled by liquid nitrogen. 
 

0

0,2

0,4

0,6

0,8

1

1,2

0 2 4 6

V
F

C
[V

]

IFC [A]

VFC dry 

VFC RHc

VFC RHc

CEM ® 

PEMFC 

Superconduct

Cooling system 

Air 
flow controller 

TABLE II  FUEL CELL OPERATING CON

Symbol Quantity 

ζa Anode stoichiometric coefficient(7) 
ζc Cathode stoichiometric coefficient (7) 
Iref Reference current (7) 
T Fuel cell temperature 

RHa Anode relative humidity 
RHc Cathode relative humidity 
Pa Anode pressure 
Pc Cathode pressure 

 

conducting coil (Table 
en characterized in the 
17]. 

ch side of the fuel cell. 
 means of a "real time" 
) used in combination 

ing to (7). 

 

emperature and the relative 

 

nected to a superconducting 

TABLE III  CHARACTERIST

Parameters 

Thickness of the wire 
Width of the wire 

Critical current of the wire 
Number of turn of the coil 
External diameter of coil 

Internal diameter of the coil 
Inductance of the coil 

Critical current of the coil 

 

Figure 10.Sample of superco
superconducting coil used in the expe

B. Experimental results  

Figure 11 presents the 
superconducting coil when su
supply for superconducting co
by the single PEM fuel cell.
which confirms the capability
current source. The fuel cell v
(Fig. 12). This high value 
superconducting coil), is due
estimated to 4 mΩ. This show
when using the fuel cell as a c

Figure 13 presents the curr
flow rate by decreasing the re
to 5 A by step of 5A. A step
rate from Iref = 15 A down to
current step from 15 A up to
remains constant since the h
around Iref = 20 A. Becaus
hydrogen flow controller, the
its regulation has still to be im
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xperiment (on the right side) 

e voltage-current curve of the 
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ell. The same results are obtained 
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ll voltage is about 100 mV at 20 A 
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due to the resistance of the wire, 
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a current source. 
urrent profile, set through hydrogen 
 reference current from 20 A down 
ep command of the hydrogen flow 
 to Iref = 20 A leads to a fuel cell 
 to 20 A. This new current rating 
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use of the time constant of the 
he transient response is quite slow; 
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Figure 12.Fuel cell voltage versus current during 

supply. 
 

Figure 13.Demonstration of the current controlled
(Iref = 20-15-10-5A) (Ch. 2. Fuel cell current, Ch. 3. 
cell voltage). 

V. CONCLUSION 

In this paper, a new supply for super
been presented. Taking benefit of the nat
single fuel cell and of the possibility to co
means of the hydrogen flow rate, a super
been characterized. Although the fuel ce
response is quite slow, it is suitable to supe

This particular application of PEM 
operating well below the threshold volt
circuit, thus a study on the alteration of t
must be carried out. Examination of t
distribution appears necessary to assess t
technique. Additional experiments have 
supplying a more inductive superconduc
current and fuel cell current ripple has to b
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