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Abstract- Fuel cells are electrochemical energy converters wdh allow transformation of the chemical energy ofa fuel to

electricity through oxido-reduction reaction. The wltage of an elementary cell is usually near 1 V inpen circuit and around 0.6 V in
nominal conditions of power generation. Fuel cellare then by essence low voltage sources , so that most practical applications,
power management is carried out by electronic conveers, allowing in particular to rise the voltage © usual application levels.

In this paper, we propose to take advantage of thiew voltage for a specific application stack suchs superconducting coils power
supply. At present, such applications are dealt wit the use of specific electronic power supplies, leikiting in most cases a huge
volume and/or a low energy yield.

Keywords-PEMFC; superconductivity; superconducting coil; critical current density; controlled current source; stort-circuited

fuel cell.

1. Introduction

Fuel cells are complex systems which can be coreidas low voltage electrical source. Preliminamyestigations led in
GREEN (Groupe de Recherche en ElectrotechniquéeetrBnique de Nancy) with a single membrane fedl either short-
circuited or hybridized by discharged supercapagitmould evidence the behaviour as a current sojicein which the
current is directly controlled by the hydrogen flothis operation mode forces the cell voltage tdavebelow the threshold
recommended by the cell manufacturer. The papainied at investigating this operation mode whidbved the production

of current of a very high quality, i.e. without ditions and under a very low voltage to feed saprducting coils [2-3].

1.1 Ashortintroduction to superconducting wires



In 1911 Kammerling Omnes accidentally discoveregesconductivity. In a study of a sample of mercuaty low
temperatures, its abrupt overview of resistivitpmto 4.15 K. The second signature was discoverd®83 by Meissner and

Ochenfelf, it is the perfect diamagnetism.

Since these first discoveries, many materials leaen found to be superconductors. Nevertheleggstnot until the early
60s, for use in electrical engineering, low tempera superconductor NbTi was discovered by MattKiaszler, but at low
temperature, 4.2 K. Then, at the end of 80s, weeodered by Muller Berdnoz the high critical temgdare superconductors

HTS, these can operate at the temperature of ligjtridgen.

Superconductivity exists only under certain comuatisi of temperature, magnetic field and current itheriBhe three critical
parameters Tc, Hc, Jc, can be represented in a-thmgensional space as shown in Fig. 1, or theindef critical surface
Beneath the surface, the material is in the supeiecting state and above, it is in the normal statsther very interesting

property of superconductors is their critical cotréensity very high, it can reach 3000 A/fam
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Fig. 1: Critical surface

After the discovery of the superconductivity theimproblem is how to made superconducting wire? fitst wire was
made with NbTi [4]. For many reasons of electron@ignand thermal stability, it is made of smalbhfitent of NbTi with a
diameter lower than 20 micrometer in a cooper lmyadf copper matrix generally. The number of fikim can be very high,

in 90s some superconducting wire of 0.2 mm of diemieave more than 200 000 superconducting filanmside.

When the high temperature was discovered [5], ihagge complicated to made wire because these sumshrctors are not



metallic but ceramic. So, we have two processeshiese superconducting wires, either a classichinigues of powder in
tube. This process is usual for BSCCO and MgB2 mapelucting wire. In this case a wire is made ofsal filaments, less
than hundred in a silver matrix. Neither the wiseniade by classical chemical vapor deposition pestonductors on a
substrate. These processes are user for YBCO suqukrcting wire. In this paper, we used a BSCCO mqpelucting wire
made by Zenergy in Germany. These wires can beindeglid nitrogen with good properties, but ircfaheir properties are
better at lower temperature. Therefore, many agfiios use high temperature superconductors bet@@&n and 40 K.

For the superconductors, there are many consttldiws, like Ohm’s law for classical conductorsking electrical field
and current density in superconductors [6]. Welgitabent two laws: the Bean’s model and .

The Bean model is the simplest and is represeptativthe superconducting critical temperature Itwthis model, the
current in the superconductor can take only tweasidbes values its critical current density or zefe+Jc ou J=0.

The second model is better suited to high critieatperature superconductors. The law relating theent density of the

electric field t is as follows:

1B TN i(B.T)
e(,B,1) = E (1521) 130 (1)

Where Jc is the critical current for an arbitragiue of the critical electrical field. This criticaalue of critical current
density if not the same than in the previous d&diniand is called engineering critical current sign The value of the critical

electrical field is generally chosen at 1 microumftmeter.

Fig. 2 presents the behavior of the electric figddsus the current density according to the constimodels.
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Fig. 2: Equivalent Ohm’s law of superconductors

Characterization of superconducting materials irtd the relationship between the electric fiettiaurrent density. The
measuring principle is very simple and consistsi@asuring the voltage across a superconductinglearapying current. For
that we used of a specific power supply made by #eaa Magnetics for superconducting applicatiortispower supply can

reach 300A@+4V [7] and a nanovoltmeter 2182A/E friaithley for the measurement of very low voltagzoas the

superconducting sample.

Fig. 3 presents a sample of BSCCO supercondudimg tised in the coil. Its electrical characterarats given for different

applied magnetic field in Fig. 4.

Fig. 3: Sample of superconducting wire (BSCCO224) superconducting coil picture used in the expeni
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Fig. 4 Superconducting wire characterization



1.2 PEM Fudl cell characteristic

Membrane fuel cells consist of two electrode corpents separated by a polymer electrolyte membypageenting from
the transport of gas and electrons. As shown inFighe two electrodes are stuck on the sidebefriembrane, forming the
Membrane-Electrode Assembly (MEA) of the individgell. Protons generated by hydrogen oxidation ategwith water to
the cathode through the membrane — which exhihitst wften a high affinity to water - to the cathpded take part in oxygen
reduction to water. Fuel cells can be characterizethe variation of the available voltage with thivered current density.
This variation depends on several operating paensiesuch as temperature [8] and pressure [9]taeiaftow rates [10-11],
membrane humidification [12], and also on the el design [13-14].

Fig. 6 presents a typical polarization curve ofrgle cell including the opened circuit voltage (@CGnd the working area
[15]. The nominal operating point is about 0.6\0at-0.8 A.cnif. According to electrical characteristics of supaducting

coil, we interest in taking benefit on the lasteaod the polarization curve (concentration losses).

Current collector plate

Ending plate — — Anode channel

' Cathode channel
A

/— Current collector plate

Hydrogen inlet —. ME

Water mlet - Ending plate

Air inlet
Air outlet N

Water outlet

— Hydrogen outlet

Fig. 5 Water cooled single PEM fuel cell
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Fig. 6 : Single fuel cell polarization curve

2. EXPERIMENTATION OF A SINGLE PEM FUEL CELL CONNECTEDO A SUPERCONDUCTING COIL
2.1 Test Bench

The test bench is composed of a single fuel caliesy (source) and a superconducting coil (loadg. gihgle fuel cell is a
proton exchange membrane fuel cell of 106 aative area manufactured by UBZM (Germany). Puyehgdrogen is supplied
from cylinders at anode inlet and dry or humidaicathode inlet.

A "real time" electronic card (dASPAEEDS1104 card) is used in combination with Matlam@ink® mathematical
environment for all necessary control functionshsas reference setting (inlet gas flows, outlespuees, air humidity, and
load current), measurement storage and conditioming safety shutdown. As it can be seen in Fig. &oling system keeps
the fuel cell temperature constant. Air humidity dze regulated by a CEM-system (Controlled Evajmmaand Mixing), this
vaporizer system replace usual bubblers that aeedecurate and above all do not allow humiditylagon.

Inlet gas flows are calculated versus a referemceent |, which can be set by an external signal (in cdsencadapted

flow supply), as follows:

| T,
= et RTo [Z , (100060
2 2F PR,

dy, = e Bﬂgiucc 100060
4 P, 021

dy
[L.min™, (2)

with ¢, {; anode and cathode stoichiometric coefficientss 273 K and P= 101310° Pa.



The operating conditions are set so as to obtansthgle fuel cell voltage as low as poss (less than 0.3V) at a given

current, which corresponds to an operation in threent source cel

Air flow controllér

in liquid ni

Fig. 7. Single cell test bench.

As we can see in Fig, 8he superconducting coil is cooled by meansapfitl nitrogen. As explained above, from now
the resistance of the coil mll. Therefore, as soon as the single fuel cdll egerate this one will be short circuite The aim
is to make the fuel cell operaés a current source that is to ar below the threshold voltage as showrFig. 9. This

particular operating mode has been studied].

Fig. 8 Superconducting coil cooled in liquid nitro¢ (T = 77K)



Table 1 : Characteristics of the coil and the wire

Parameters Value
Thickness of the wire 0.2 mm
Width of the wire 4.0 mm

Critical current of the wire

42 A@77K and selflfie

Number of turn of the coil 208
External diameter of coil 115 mm
Internal diameter of the coll 60 mm
Inductance of the coil 4 mH
Critical current of the coill 18 A@77K

ocv

fuel cell voltage

current source

working area

fuel cell current

Fig. 9. Polarization curve including the area whitve single cell runs as a current source contidde hydrogen flow rate

set by Jer.

2.2 Fuel cell operating condition

First of all, some experiments will be led in orderset the optimum operating condition of the krfgel cell as current

source. To this end, polarization curves are pdofite different values of air relative humidity aheel cell temperature (Table

2 and Fig. 10).

Set the reference current at 10A and anode storgtiic coefficientl, at 1 mean that the fuel cell current cannot exceed

10A. In fact as a portion of the fuel is not consdinthe current is a little less than 10A as showig. 10.



At a given current, the fuel cell voltage has tate smallest therefore it appears that the siogllehas to be fed by dry air
and its temperature regulated at 40°C.

Table 2 : Operating conditions

Parameter Symbol Value Unit
Reference current (2) ref 10 A
Anode stoichiometric coefficient (2) (, 1
Cathode stoichiometric coefficient (2) (. 6
Fuel cell temperature T 40-50 °C
Anode relative humidity RH 0% -
Cathode relative humidity RH 0-62% -
Anode outlet pressure pgut 101310° Pa
Cathode outlet pressure pgut 101310° Pa

1,2 4

—&—VFC dry air T=40°C
1 —#—VFC RHc=62% T=40°C
VFC RHc=62% T=50°C

0,8 -

VFC [V]

0,4 -

IFC [A]
Fig. 10. Polarization curves at different operatiogditions
2.3 Experimental results of Superconducting coil supplied by PEM single fuel cell
2.3.1  Superconducting coil characterization
Taking into account the results in the previougisador the operating conditions (Table 3), theghe fuel cell is connected

to the superconducting coil, which characteristies given in Table 1.



Table 3 : Operating conditions of the fuel celbasurrent source

Parameter Symbol Value Unit

Reference current (2) ref 410 20 A
Anode stoichiometric coefficient (2) (, 1

Cathode stoichiometric coefficient (2) (. 6

Fuel cell temperature T 40 °C
Anode relative humidity RH 0% -
Cathode relative humidity RH 0% -
Anode outlet pressure pgut 101310° Pa
Cathode outlet pressure pgut 101310° Pa

Fig. 11 presents the comparison of the supercomgucoil characterization as it is fed by a specjfower supply for

superconducting coil (American Magnetics [7]) or tme single PEM fuel cell. We obtain the same tssuhe fuel cell

operates as a current source as expected.
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Superconducting coil current [A]



Fig. 11. Superconducting coil characterization gsiimgle PEM fuel cell

2.3.2 Snglefuel cell polarization curve
In Fig. 12, the fuel cell voltage has been plofi@ddifferent current values. As it can be seem, \thitage does not exceed
0.1V at 20A, a smaller value can be expected amalty the fuel cell is short circuited (supercontitug coil resistance is
null).
It is due to the resistance of the wire, estimatednt). Therefore, it underlines the importance of wiclsice if using the

fuel cell as a current source.
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Fig. 12. PEM fuel cell voltage versus current
2.3.3  Snglefuel cell transient behaviour

As studied in [1], the fuel cell current is conted by hydrogen flow rated(, = 1) through k.

Fig. 13 presents the time variation of hydrogemvftate (Ch.3) and current and voltage fuel cell gfavms (ch2. and ch4.
respectively). A setpoint step of the hydrogen fiate from | = 15A to | = 20A leads to a fuel cell current step from 15A
to 20A. This new current setpoint is maintaineasithe hydrogen flow rate is regulated aroygd-120A.

A current profile is set through hydrogen flow ratedecreasing the reference current from 20A tdo§sstep of 5A. Fuel
cell current and voltage waveforms are given in Eig§ As it can be seen, the transient respongaite slow; this is mainly
due to hydrogen flow controller, its regulation tase improved. However, in the case of supercoindg applications, it is

not detrimental.
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Fig. 14. Demonstration of the current controlledhygrogen flow rate ( = 20-15-10-5A) (Ch. 2. Fuel cell current, Ch. 3.

H, flow rate, Ch. 4. Fuel cell voltage).

3. CONCLUSIONS ANDPROSPECTS



In this paper, we have demonstrated an originaliegipn of PEM fuel cell as current source for eugpnducting coil.
Indeed, we take advantage of its low voltage anthefpossibility to control its current by meansttodé hydrogen flow rate.
Moreover superconducting coil fit to the slow dynesrof the PEM fuel cell.

This particular use of PEM fuel cell requires teemgie in short-circuit and thus a study on theraiien of the fuel cell
lifetime must be carried out, for instance conaggnilooding and catalyst layers. As it was detailédhe single fuel cell
operates as current source, the hydrogen fed afiytaionsumed, so it can be expected that watedemses rapidly in the
anode chamber because of the sharply decreasintpgasate. Flooding phenomenon is to become mageificant near the
outlet, resulting in locally reduced current deysihd possible washing out of the catalyst afteglterm runs. Examination of

the current density distribution appears necedsaagsess the feasibility of the technique.
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