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Abstract- In practice, the voltage of a hydrogen-oxygen fuel cell is around 1 V at open circuit and from 0.6 V to 0.7 V at full rated
load and it can be considered as a low-voltage energy source. Moreover, preliminary investigations undertaken on a single proton
exchange membrane fuel cell (PEMFC) highlighted its behavior as a DC current source, that can be directly controlled by the H:
flow rate when the operating point is at very low voltage. In this paper, we present an innovative application of PEMFC that relies
on taking advantage of both low voltage level and current source operating mode to feed a high inductive superconducting coil. Such
a coil has no resistance and among others, is very sensitive to current ripples. Thus, specific power supplies are designed to feed them
but they exhibit in most cases a huge volume and/or a low energy yield. Connecting a superconducting coil to a PEMFC implies to
operate in short-circuit, which is an unusual use of PEMFC. To this end, requirements of such an application are defined, by making
use of a PEMFC electrical model based on a 1D analog representation of mass transport phenomena. This model, that enables to
take into account the influence of gas supply conditions, notably diffusion limit operation, is directly implemented in a standard
simulation software used in electrical engineering. Then, simulation results and experimental results obtained by supplying a 10 H
superconducting coil cooled by liquid helium by means of a single 100 cm? PEMFC are compared and discussed.

Keywords- controlled current source; electrochemical dynamic modeling; high-inductive superconducting coil; PEM fuel cell;

power supply; short-circuited PEMFC; superconducting coil power supply.

1. Introduction

Polymer electrolyte membrane (PEM) fuel cells are by essence low voltage sources. Indeed, the voltage of a single cell is
usually near 1 V at open circuit and around 0.6 V at rated conditions of power generation. Thus for power applications,
PEMFC composed of several cells connected in series, also called stack, and electronic converters, allowing in particular to
rise the voltage to usual application levels are used. Hinaje et al. [1] have led theoretical and experimental investigations in

GREEN laboratory (Groupe de Recherche en Electrotechnique et Electronique de Nancy) with a single PEM fuel cell



(PEMFC), either short-circuited or hybridized by discharged supercapacitors, and brought out the electrical behavior as a
current source, in which the current is directly controlled by the H, flow rate according to Faraday's law (NB: for usual FC
applications, H, is overfed in comparison to the current generated). The basic principle is schemed in Fig. 1: at very low
voltage operation, close to short-circuit conditions, the cell operating point is located in the limit diffusion area that
corresponds, in electrical theory, to an ideal current source. This particular behavior of the PEM cell can be of great interest for

specific applications requiring a DC current supply under a nearly zero voltage.
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Fig. 1: Representation of the area where FC operates as a current source controlled by H; flow rate set by Ir.

In this paper, we propose an innovative application that takes great advantage of both PEMFC low voltage and current
source behavior: the electrical supply for high-inductive superconducting coils. Hinaje et al. [2] have already experimented, in
GREEN laboratory, the use of a fuel cell for supplying current to a superconducting coil. However, the experiment was led on
a low inductance superconducting coil , i.e. 4 mH, which is not representative of the requirements and problems met with big
superconducting coils, as a possible negative voltage across the fuel cell due to a significant value of Lxdl/dt . In this work, a
superconducting coil of L = 10 H is supplied by a current, 1, produced by a single FC, what has never been achieved before.

At present, specific electronic power supplies are used to supply superconducting coils and in most of cases they have a
huge volume and/or a low energy yield. Indeed, the supply has to respect several constraints such as no current ripples that
generate electrical losses in the superconductor material that can cause the accidental loss of the superconductor state, also
called quench phenomenon, or even lead to its destruction. Moreover it has to be able to deliver several kA. A disadvantage of
such electronic supplies is the generation of harmonic noise onto the industrial grid, and the increase in current to its nominal
level has to be achieved carefully. Contrary to those electronic supplies, FCs operating at very low voltages are autonomous
(no supply connected to the grid), ensured continuous operation (no risk of power failure due to the grid), together with the

electrical quality of the current generated, i.e. free harmonic oscillations. Another advantage not least, to increase the current,



the active area of the electrochemical generator has only to be enhanced, either by connecting single cells in parallel, or by
using a single cell with an active area corresponding to the desired current level, whereas high current electronic power
supplies lead to heavy, bulky and expensive equipments. Obviously, the proposed solution for the perfectly direct current
generation relies upon a PEMFC fed by H, from cylinders, for which safety cautions have to be taken. But taking into account
the operation of superconducting coils that have to be cooled with liquid nitrogen or helium or by specific cooling, represents
by itself a really safety-demanding process, which could easily accommodate the presence of a PEMFC. At last, recent works
carried out on a single PEMFC by Bonnet et al. [3] in LRGP laboratory (Laboratoire Réactions et Génie des Procédés) have
shown that operating far below the threshold FC voltage (given by the cell manufacturer) does not lead to additional aging in
comparison to usual operating conditions.

In the first part, a PEMFC dynamic model based on an analog formulation of transport partial differential equations (PDE),
and its implementation in an electrical engineering simulation software (as Saber®) are presented. The model details are given
in [4]. Then, we demonstrate that this model is suitable to simulate the behaviour of a single PEMFC operating as a controlled
current source by means of H flow rate. In the second part, theoretical principles and experimental results of the association of
a power superconducting coil and a single FC are presented and discussed. The electrical structure is first described, as well as
the experimental bench. Then, simulation investigation and requirements that enable safe FC operation when supplying a huge
inductive coil are realized. Finally, the theoretical principles are validated through different experiments led on a 100 cm?

single PEMFC feeding a 10 H superconducting coil as a load.

2. MODEL OF A PEM SINGLE FUEL CELL OPERATING AS A CONTROLLED CURRENT SOURCE
2.1 Governing equations

In previous work led by Noiying et al. [4], a PEMFC electrochemical model based on electrical analogy of mass transport
phenomena in gas diffusion layers (GDL) and membrane was established. This PDE model is implemented in simulation
software commonly used in electrical engineering to design systems (e.g. Saber®, in present case). As a result, even if it can be
considered of circuit type, and contrary to most circuit models found in the literature such as those presented in [5-10], it
naturally includes large signal description, space-dependent parameters in each element of the cell (that is to say local partial
pressures in GDL, and water content in the membrane), and also influence of operating conditions (such as FC temperature,
gas flow rates, anode and cathode pressures, relative humidity). In this work, our aim is to use it for simulating PEMFC
operation as an electrical current source controlled by H, flow rate to determine requirements for supplying current to a power

superconducting coil.



As presented in Fig. 2, a PEM single cell is composed at each part of the membrane by a catalyst layer (CL) and a GDL
[11]. The fuel cell is supplied with hydrogen at anode and oxygen usually from air at cathode, each reactant can be humidified,
to either side of a proton exchange membrane coated with platinum-based electrode layers. Protons, H*, resulting from
hydrogen oxidation pass from the anode to cathode side through the membrane while electrons, e’, must flow through an
external load, thereby creating electrical current. H* then recombine with the electrons and oxygen on the cathode side,
forming liquid water as the primary reaction product. The liquid water transport in the membrane is always a balance between
at least two competing diffusion mechanisms. One is due to the proton displacement from anode to cathode that drag some
water molecules with them, this phenomenon is called electro-osmotic drag. The other mechanism is back diffusion of water
from cathode to anode. This water flux results from the water concentration gradient created in the membrane by the electro-
osmotic drag and the water produced by the redox reaction at the cathode.

Equations describing gas mixture transport through anode and cathode GDL are reminded hereafter, as well as water
transport in the membrane, double layer phenomena, interface and inlets boundary conditions, electrochemical overvoltages at

membrane/electrode interfaces, and ohmic voltage drop across the membrane.
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Fig. 2: A single PEMFC's internal structure.

The following assumptions and simplifications in the present model are adopted:

- the cell temperature is homogeneous and constant (indeed the fuel cell is water cooled in the experiment),

- operating conditions are chosen so that gas mixtures are in a single phase (in fact, the fuel cell is fed with 60% RH air at
cathode and dry hydrogen at anode) ,

- mass and charge transports are one-dimensional,

- the membrane is homogeneous and gas-tight,

- water exists only in the gas phase at the electrodes, and as solute water in membrane.

- CLs are sufficiently thin to be considered as interfaces.



To describe gas mixture transport in GDLs, both Knudsen and Stefan-Maxwell diffusions are taken into account, so that

each gas i (H2 or H2O at the anode, O or N2 or H.O at the cathode) of the mixture is governed by the following laws:
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where e is the number of species (ea =2 and e = 3), N;, Pi and Dier are the molar flow, the partial pressure and the effective
Knudsen diffusion coefficient of the gas i, Djjerr is the effective Stefan-Maxwell diffusion coefficient of gases i and j, P is the
total pressure, and & is the GDL porosity.

The membrane-electrode boundary conditions interfaces (x = da and X = 8a+dm) are linked to reactant consumption, water

production, and water molar flow continuity as follow at the anode side:
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and at the cathode side:
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la and I¢ being the Faraday components of anodic and cathodic currents, respectively.
At GDL inlets (x =0 and X = da+dm+dc), boundary conditions can be written versus gas relative humidities (RHa, RHc),
humidifier temperatures (Thuma, Trhumc), inlet pressures at the anode and the cathode (Pajin, Pc,in), and gas supply conditions

(reference current I, reactant stoichiometries ¢z and £). It results in the following equations at the anode side:



Py 20a,in = RH, - Psat(Thum,a)

I:)H 2,in = Fajin — I:)H 20a,in
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and at the cathode side:
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Water transport in the membrane is due to both diffusion and electro-osmotic drag. Then, it can be expressed that way:
n aCH (o)
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where Nu20m is the water molar flux, cwzo is the water concentration, I, is the membrane ionic current, nq is the electro-osmotic
drag coefficient (defined as the number of water molecules dragged per proton), and Du2om is the water diffusion coefficient.

Taking into account, at the membrane-electrode interfaces, the continuity of water molar flow (x = 8a and X = 8a+3m) and the
water phase change (vapour phase in GDLs, liquid phase in the membrane) using of sorption curves, membrane water content

A at membrane boundaries is computed versus water activity a = Ph2o/Psat as:
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. is defined versus the membrane proton exchange capacity Xm that corresponds to the number of available sulfonic sites per

mass unit, membrane density pm and water concentration by:
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The required parameters of the model are available in [4].

Using an electrical analogy, pressures and water content can be assimilated to voltages, and molar flux to electric currents.

Then water transport in the membrane is computed by space discretization of PDE (1) and (6). It results in the model structure

depicted in Fig. 3 which is implemented in Saber® software. It consists in two parts coupled to each other.
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Fig. 3: PEMFC model implemented in electrical engineering simulation software [4].

The first part is dedicated to mass transport and associated variables: gas flows and partial pressures in GDL, water content
and water flow in the membrane. Then, electrochemical overvoltages at the membrane/electrode interfaces are calculated by
means of Butler-Volmer equation, and the membrane voltage drop is deduced from its non-linear ionic resistance (which
locally depends on membrane water content).

The second part is a standard electrical circuit including double layer capacitors and electronic resistances of both
electrodes, in addition to electrochemical interfaces and the membrane. This electrical part of the model computes the FC
voltage as a function of FC current, equilibrium potentials, overvoltages (note that these are non ideal voltage sources, thus
they can be connected in parallel with double layer capacitors without any resolution trouble), and membrane voltage drop.
Analog formulations of PDE (1) and (6), their implementations in Saber® software, and computation of all overvoltages are

described in more details in [4].



2.2 Simulation of PEMFC low voltage operation
Fig. 4 shows the FC current of a short-circuited PEMFC. The dashed line is an experimental curve, recorded with a 100 cm?
single cell supplied by air and pure dry H,. The FC temperature is kept at 60 °C, by a water cooling system. Air relative
humidity is set approximately at 60 % by means of a bubble humidifier. Inlet gas pressures are the ambient level and their flow

rates are set by a reference current lrer, as follows:
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where To = 273 K, Po = Pa, ¢z and & are anode and cathode over-stoichiometric coefficients, respectively. As it can be seen
on the experimental short-circuit current, the steady state current value is 20 A, from which the H; flow rate could be so at the
anode inlet. It can also be noticed that the FC current first rises strongly, and remains higher than the setpoint current,
Iret = 20 A, during several tens of seconds. This transient current overshoot corresponds to the Hy stored in the inlet pipe and in

GDL during the initial zero current operation that occurs before applying short-circuit.
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Fig. 4: Experimental (dashed line) and simulated (solid line) fuel cell short-circuit current. Gas flow setting: It = 20 A,
ta=1,4=4
In Fig. 4, the current response obtained with the model is plotted in solid line. Using electrical analogy, the anode inlet pipe
volume can be represented by means of an input capacitor. As it can be seen in the computed short-circuit current, the model
describes correctly the overall experimental result, that is to say the current source operation in steady-state, and transient

current overshoot. Both are of major importance to determine the correct H, flow rate slope, when using a FC as a controlled



current source to supply a huge inductance. Even if the results are qualitatively validated, some inaccuracies can be observed
during transient, they mainly come from the 1D approximation of reactant transport and redox reactions. Indeed, a 3D model is

required for better quantitative results [12-14].

3. SINGLE PEMFC FEEDING A 10 H SUPERCONDUCTING COIL: PRINCIPLES AND EXPERIMENTAL RESULTS
3.1 Structure of the superconducting coil current supplied by a PEMFC

The electrical structure is presented in Fig. 5. It is composed of a 100 cm? single PEMFC fed by pure H; and air, a high

current MOS transistor for emergency stop, a superconducting coil with its protection resistor, and a free-wheeling diode

(FWD) to ensure current continuity in the inductive coil.

Power MOSFET

R .
(ON/OFF) N\W\
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Fig. 5: Electrical scheme of the superconducting coil current supply

The single fuel cell is water cooled in order to regulate its temperature at 60 °C, air relative humidity is approximately
75 % and anode and cathode pressures are 1 atm. To ensure the PEMFC operation as a controlled current source over a large
current range, the total circuit resistance (load, wire and contact resistance) must be as low as possible. To this end, the power
switch, a 100 V — 1200 A MOSFET, has been selected according to this criterion. Indeed, its on-state resistance is about 1 mQ
when its gate is biased by a 15 V voltage source. It results in a total resistance of the loop close to 2 mQ, which includes the
switch and the wires connecting the switch to the FC. To be in superconducting state (no resistance), the 10 H coil is cooled by
liquid helium and is protected by a 0.7 Q resistor (1 Q at ambient temperature). The total resistance of connections between the
coil and the fuel cell is about 10 mQ. Fig. 6 present a picture of the experimental test bench. On the left, a picture of the
superconducting coil is presented before putting it in the cryostat. The whole fuel cell system including its auxiliaries

(humidifier, flow controllers, cooling system, emergency switch...) and the acquisition system are shown on the right picture.
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Fig. 6: Experimental test bench composed of FC system (right) and superconducting coil outside the cryostat (left).

3.2 Coil current setpoint by the H; flow rate
Fig. 7 hereafter presents the coil current waveform (i.e. the current through the parallel association of the superconducting
inductor and its protection resistor) and the FC voltage when simulating the coil supply by means of the FC, by turning-on the

power switch. The FC is initially fed with gases, with the following setpoint: I =20 A, &a =1, & =4. As it can be noticed, the

coil current is regulated in steady-state to the corresponding H; flow rate setpoint. Whereas in transient, the FC current source
operation cannot be controlled due to the H; previously stored in the anode pipe and it results in a current overshoot, then to a
FC operation at negative voltage induced by the coil when the current decreases to reach its steady state level. It can be
observed here that the negative voltage applied to the FC during this phase is limited by the FWD on-state voltage drop, to

approximately - 0.7 V in case of a PN diode use, or to - 0.4 V in the case of Schottky diode use.
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Fig. 7: Simulated coil current and FC voltage at switch turn-on. Gas flow setting: It = 20 A, & =1, & = 4. FC supplied with

gases before turn-on.



To avoid this kind of operation that might imply early aging of the PEMFC, the circuit has to be closed before supplying the
FC with gases. The second requirement to avoid FC negative voltage operation, is to limit the slope of H, flow rate variation,
in order to remain in the area where the FC operates as a controlled current source.

To depict this requirement, Fig. 8a presents the simulation results of the superconducting coil current and the fuel cell voltage
when a step of gas flow rates are applied, from ls = 25 A up to les = 30 A (over-stoichiometry: & = 1, & = 4). Initially, the
single cell is operating in the current source mode, at 25 A. During current increase, as H, flow rate is higher than the
demanded actual level of current, the FC is overfed, so that it operates in normal mode. This leads to a current overshoot,
followed by a regime at negative voltage, as in the case presented in Fig. 7.

On the contrary, when H; flow rate is slowly increased, the FC remains in current source mode (Fig. 8b), which means that the
current increase is controlled through H; flow rate. To get such a dynamic control, the H; flow rate variation, i.e. dl#/dt, has to
be small enough in order that the corresponding transient inductance voltage, i.e. Lxdl./dt, which is added to the circuit
resistance voltage drops, has a level compatible with the FC operating as a current source.

For instance, let us consider an increase in coil current from 25 A up to 35 A (corresponding to the experimental test presented
in section 3.3). The steady state at 35 A results in a FC voltage equal to about 350 mV (i.e. 10 mQx35 A). If the increase is
linearly operated within 1000 s that matches to a transient inductance voltage of about 100 mV (i.e. 10 H x10 mA s!), the FC
voltage is lower than 450 mV throughout the current increase duration. Such low voltage level at a current density less or equal

to 0.35 A.cm™ ensures the PEMFC to operate as a current source controlled by means of H. flow rate.
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Fig. 8: Simulated coil current and FC voltage for a transition of gas flow rates. Initial gas flow setting: ls=25A, & =1, &=

4. (a): Step variation of gas flow rates. Step amplitude: Al =5 A. (b): Smooth variation of gas flow rates. Gas flow variation:

Alref: 10 A, dlref/dt = 10 mA S_l.

To illustrate this example, Fig. 8b presents the coil current and the FC voltage when computing a linear increase of gas flow
rates, from It = 25 A to let = 35 A during 1000 s (over-stoichiometry: & =1, & =4). As previously in Fig. 8a, the PEMFC is
initially operating as a current source supplying 25 A. It can be noticed that the coil current increases from 25 A up to 35 A at
the expected rate, i.e. 10 mA.s’%. Almost no current overshoot is observed, and the FC voltage remains positive all over the

transient.

3.3 Experimental results

Fig. 9 shows the experimental coil current and the FC voltage measured in the same conditions as in the simulation associated
to Fig. 7 (i.e. at switch turn-on, the cell being initially fed with gases, with the following setting: lef = 20 A, &a =1, & = 4). As
previously for the simulation results, it can be noticed that in steady-state, the coil current is regulated at 20 A by means of H;
flow rate, and that the transient response gives rise to a current excess, and to a FC operation at negative voltage when the

current falls to its steady-state level.
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Fig. 9: Experimental coil current and FC voltage at switch turn-on. Gas flow setting: les = 20 A, & = 1, & = 4. Fuel cell

supplied with gases before turn-on.

Fig. 10a (experiment) hereafter is comparable to Fig. 8a (simulation). It presents the experimental superconducting coil

current and the single cell voltage when rising suddenly gas flow rates from I = 25 A up to It = 30 A (over-stoichiometry:

Ca=1, L =4), the PEMFC being initially in current source operating mode, at 25 A. The same conclusions, as the ones that

have been deduced from simulation results depicted in Fig. 8a, can be made: during transient, , the FC is overfed and operates



in normal mode, which induces a current overshoot, followed by a negative voltage operation for the FC. To avoid such
phenomena, the slope of H, flow rate variation has to be limited, in order to control the current increase.

Such a possible control by H» flow rate in transient is highlighted in Fig. 10b and Fig. 11. The first figure presents experimental
results as a linear increasing transition of 10 mA.s* slope of gas flow rates is applied from It = 25 A up to Ier = 35 A (as in
Fig. 8b). As computed, the superconducting coil current increases following the expected slope, thus it is actually controlled by
the FC, through the H; flow rate. As a result, nearly no current overshoot is observed, and the FC voltage remains positive

during the transient.
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Fig. 10: Experimental coil current and FC voltage for a transition of gas flow rates. Initial gas flow setting: ler =25 A, =1,
¢ = 4. (a): Step variation of gas flow rates. Step amplitude: Ales =5 A. (b): Smooth increase of gas flow rates. Gas flow

variation: Ales = 10 A, dleg/dt = 10 mA s™.

Fig. 11 also shows possible effective current control by H, flow rate, but in this case during current decrease. During this
current decline, the transient inductance voltage induced by the variation of H, flow rate, i.e. Lxdl#/dt, is negative and may
lead to a negative voltage operation of the FC. It can be easily avoided by setting the H. flow rate slope at a value for which the
inductive term Lxdl¢/dt does not entirely compensate the circuit resistance voltage drops. In the example of Fig. 11, where
experimental results of a decreasing linear transition of gas flow rates from lr = 35 A down to l.r = 25 A, the current slope

limit is equal to - 25 mA s (i.e. - 10 mQx25 A/ 10H). As the experiment was led with a slope of - 20 mA s, it can be noticed



in Fig. 11 that the FC effectively runs as a current source, with a positive voltage all over the transient.
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Fig. 11: “Experimental coil current and FC voltage for a slow decrease of gas flow rate. Initial gas flow setting: let = 35 A, {2 =

1, & = 4. Gas flow variation: Alrer = - 10 A, dli/dt = -20 mA s™,

4. CONCLUSION

In this paper, an original and innovating application of FC used as controlled current source has been highlighted, by supplying
a huge inductive superconducting coil of 10H. This new application has been firstly simulated by means of a dynamic large
signal model in order to determine requirements, that is to say an efficient control of time current variation by means of H;
flow rate to prevent from current overshoot avoiding that way FC negative voltage. The simulation results have been then
validated by means of experiments led on a 100 cm? PEMFC supplying a 10 H superconducting coil cooled by liquid helium.
To our state of knowledge, the application depicted above is totally novel since no literature sources, describing the use of FC
operating as a current source controlled by H; flow rate for supplying energy to power superconducting coils, can be found.
This particular operation needs the fuel cell to run in short-circuit, which is a totally unusual application for fuel cells.

Moreover, such an application is of a great interest since it provides an electric current in essence ready for use, i.e. responding
to superconducting device constraints: direct current, generated at very low voltage, free of detrimental harmonics or ripples,
independent from the grid that is to say not subject to grid power failures. High current level can be simply reached in theory,
by connecting single FC cells in parallel, or by increasing its active area. To this end, further works have to be carried out to
assess the feasibility of these techniques at high current level: controlling current by H, flow rate when paralleling several
single FCs, investigating current density distribution when operating a large (several hundreds of cm?) single FC as a current

source.
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jo

nd
P

R

: Water activity (-)

: Active surface (m?)

: Concentration (mol m)

: Capacitor (F)

: Diffusion coefficient of species (m? s1)
: Equilibrium potential (V)

: Faraday’s constant, 96472 (C mol?)

: Current (A)

: Exchange current density (A m)

: Molar flow (mol.s™)

: Electro-osmotic drag coefficient (-)

: Pressure (Pa)

: Gas constant, 8.314 (J mol! K1)

RH : Relative humidity (-)

t

T

: Time (s)

: Temperature (K)

: Voltage (V)

: 1D coordinate (m)

: Proton exchange capacity (mol kg™)

Greek letters

: Transfer coefficient (-)

: Layer thickness (m)

: Porosity (-)

: Electrical potential (V)
: Surface overvoltage (V)

: Membrane water content (-)

NOMENCLATURE



¢ : Stoichiometry coefficient (-)
p : Density (kg.m)

o : Electrical conductivity (S m™?)

Subscripts

a :Anode

¢ : Cathode

cell : Fuel cell

dl: Double layer

eff : Effective value
hum : Humidifier

in: Inlet

i,j :Species (Hz, Oz H20, Ny)
m : Membrane

ref : Reference condition
s : Electronic phase

sat : Saturated value

sorp : Sorption
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