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Abstract. In a polymer electrolyte membrane fuel cell, atogrsystem is needed to ensure that all variabdgsain in
secure limits ovoiding breakdowns. In this articke,control technique for PEM fuel cells based or thptimum
temperature is proposed. The optimum temperatutbdsmaximum temperature in which the fuel cell operate
preserving a minimum stoichiometry and good retatimidity. The higher the temperatures the bettervoltage,
optimizing the fuel cell operation.
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1. INTRODUCTION

Major efforts to reduce greenhouse gas emissior rmreased the demand for pollution-free energyces. Fuel
cell has attracted great attention in recent yaara promising replacement for traditional statigremd mobile power
sources, especially due to their high power derasitylow greenhouse gas emissions.

Fuel cell is an electrochemical device that gersratectricity, similar to batteries, but which daecontinuously
fueled. Under certain pressure, hydrogen) (id supplied into a porous conductive electrode @node). KHspreads
through the electrode until it reaches the catalyer of the anode, where it reacts, separatingpps and electrons.
The H protons flow through the electrolyte (a solid mear®), and the electrons pass through an extelecttieal
circuit, producing electrical energy. On the otkate of the fuel cell, oxygen Dspreads through the cathode and
reaches its catalytic layer. On this layes, &" protons, and electrons produce liquid water asitizal heat as sub-
products (Larminie and Dicks, 2003).

Significant improvements in proton exchange membr@@EM) fuel cell technology have been achieved dve
past decade. However, the performance, stabiétighility, and cost for the present fuel cell teology are not enough
to replace internal combustion engines. A numbeffusidamental problems must be overcome to imprdnwesr t
performance and reduce their cost.

The control, design, and optimum operation of feel require an understanding of the dynamics winene are
changes in electrical current, voltage, or loadoAtrol system is needed to ensure that the flegvaad temperature of
fuel and air are within prescribed limits during'mal operation at variable loads, as well as dusiygtem start-up and
shut-down.

The fuel cell performance is influenced by the watntent in the membrane; the conductivity of tiembrane is
proportional to its water content. The chemicaktiem forms water, but when temperature increaesyeaction air
coming into the fuel cell has a drying effect, tlee amount of water removed from the fuel celigher than the water
produced by the chemical reaction. As a rough appration, several references suggest that PEMdel$ working
below 60 {C) do not need extra-humidification on the inpwatants and PEM fuel cells working over 6Q)(need
extra-humidification. Besides, most commercial pqueént executes the control of temperature overealfset point.

The optimal temperature evolves according to therating conditions. In this research, a controhtégue that
calculates the exact optimal temperature on diffeoperational condition is introduced.

This paper is organized as follows. In sectionh®, basic concepts for the mathematical model dEll Fuel cell are
introduced. Section 3 introduces the proposed obméchnique and presents simulation tests. Iniageet, main
conclusions are reported.

2. THE FUEL CELL MODEL

Many mathematical models of PEM fuel cell can bhenfbin the literature (Correa et al., 2004; Fouapietl., 2006;
Promislow and Wetton, 2005). Basically, a modeP&MFC consists of an electro-chemical and thermuadhcal
sub-models. Correa et al. (2004) introduce an mdexiemical model of a PEMFC; to validate the modbe
polarization curve obtained with this model is camgd to the polarization curve of the manufactudatga sheet. In
(Riascos et al., 2006; Riascos et al., 2007), hkemto-dynamical part of the model is included tadgtthe effects of
different types of faults.
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2.1. Thedectrochemical modd

The output voltag¥rc of a single cell can be defined as the resulheffollowing expression (Larminie and Dicks,
2003):

Vee = Epong=Vag =Vorme =V,

Nernst act ohmic con (1)

EnemstiS the open circuit voltage of the cell represegiis reversible voltage:
_ -3 5 1 @)
Eems = 1229~ 085107 [T ~29815) + 43110° (T (1in(R, )+= : m(p, )

where:Py, andPg, (atm) are the hydrogen and oxygen pressures,atdggly, andT (K) is the operating temperature.

V,et IS the voltage drop due to the activation of thede and the cathode:
=& +& T +& T (e, )+ & man(l )| 3)

where:&; (i = 1...4) are specific coefficients for every typiefuel cell, Irc (A) is the electrical current, ar[:al)2 is the

oxygen concentration.
Vonmic iS the ohmic voltage drop associated with the ootidn of protons through the solid electrolytedan
electrons through the internal electronic resistanc

ohm|c FC EGRM + RC) (4)

where:R: (Q) is the contact resistance to electron flow, &d(Q) is the resistance to proton transfer through the
membrane:

[/
RM szT )

where: g, (Q-cm) is the membrane specific resistivity(cm) is the membrane thickness (cnf) is the membrane
active area, angvis a specific coefficient for every type of memiea

Veon Frepresents the voltage drop resulting from thesmi@msportation effects, which affects the cormagiotn of the
reacting gases:

V., =-B Eﬂn(l— JJ} (6)

max

where:B (V) is a constant depending on the type of B is the maximum electrical current density, ahi$ the
electrical current density produced by FC. In gahérJ,,+J, whereJ, is the real electrical output current density,
andJ, represents the fuel crossover and internal cutosst

The specific parameters for the fuel cell are pregkin Tab. 1.

Considering a stack composed by several fuel déksputput voltage can be assumed t&&er-Vec, wherenr is
the number of cells composing the stack. Howevenstructive characteristics of the stack, suchl@as @istribution
and heat transfer, could influence the output galtaf each cell (Chang et al., 2006; Freunbergat.e2006; Santis et
al., 2006; Wokaun et al., 2006; Kim et al., 2005)

2.2. The ther mo-dynamical model

The calculation of the relative humidity and theeriing temperature of the fuel cell essentiallyjnpose the
thermo-dynamical model.

2.2.1. Temperature

The variation of temperature in the fuel cell isaohed with the following differential equation:
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dt  MI[C )

where:M (kg) is the whole stack mags; (J/K-kg) is the average specific heat capacitthefstack; an8Q s the rate
of heat variation (i.e., the difference between thge of heat generated by the cell operation &edrate of heat
removed). Three types of heat removed are consldéeat by the reaction air flowing in the sta€kef), by the

refrigeration system(.2), and by heat exchanged with the surroundifs,§.

TABLE 1.
Parameters of the fuel cell, (Riascos et al., 2008)
Par ameter Value
nr 4
A 62.5 (cm)
4 0.0025 (cm)
Po, 0.2095 (atm)
Pu, 1.47628 (atm)
Rc 0.003 Q)
B 0.015 (V)
&4 -0.948
g, |0.00286+0.0002-1A+(4.310°):Incy,
3 7.2X10°
Z, -1.0615%10
P 23
J, 0.022 (A cm)
Jna 0.672 (A cm)

The rate of heat generated in a fuel cell is caled from the following equation (Larminie and DicR003):
: 148
Qger = PO\NS I:E -1 (8)
VFC

where:Pow is the power produced by the stack
The heat removed by the reaction air is calculateBq. (9).

Qrem_ = rﬁair |:q:air [AT (9)

where:m,; =3.57x10" -1-Powy/Vec is the mass of used air (Kg/€;:=1004 J/Kg-K, is the air heating capacityf;, is

the difference between the operating and the enwiemt temperature.
To calculate the heat removed by the refrigeragigstem, Eq. (10) is applied.

QremZ = Hbiower [POV\{Jlower [AT (10)

where:Pow,wer is the power of the refrigeration blowe;,we=0.4 is the efficiency of the refrigeration blower
To calculate the heat removed by the surroundigs(11) is applied.

Qrem, = POW,

surroundirg

AT (11)

The operating temperature affects the fuel celfquarance. Figure 1 illustrates experimental texgjt@antify this
effect on the polarization curve (Yan et al., 2006)
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Figure 1. Polarization curve at selected tempeea@f cm fuel cell with triple-serpentine flow pattern, mgden stoichiometry = 1.2, air
stoichiometry = 2, (Yan et al., 2006).

2.2.2. Relative humidity

A correcthumidity level should be maintained in the fuel.c€his level is measured through the relative hiityi
If the relative humidity is much smaller than 100 ##en the membrane dries out and the conductilégreases. On
the other hand, a relative humidity greater thad #produces accumulation of liquid water on thecbdes, which
can become flooded and block the pores, makingdiassion difficult. The result of these two condits is a fairly
narrow range of normal operating conditions.

In (Kim et al.,, 2005), the water and thermal mamaget in fuel cell systems were analyzed considering
humidification at the cathode and anode. Formsumfilification can include liquid water injectionireict membrane
humidification, recycling-humidification and manyher methods; in (Chan et al., 2007), the pararsdtet affect the
liquid water flux through the membrane and gasudifin layer are analyzed.

Figure 2 associates the variation of temperatuctkratative humidity for different air stoichiometrratios =2,
A=4 e A=8). The stoichiometry is the relationship between inlet air divided bg tir necessary for the chemical
reaction.

Figure 3 illustrates the effects on the performaofca fuel cell with variation in the relative huditiy. In this figure,
the polarization curve with different relative hulity on the cathode side (CRH) is illustrated. Acting to the figure,
the best performance occurs at about 70% (Yan,e2@06).
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Figure 2. Temperature and relative humidityXe2,4,8.
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Figure 3. Polarization curves as function of fead umidity fuel cell (25 chfuel cell with triple-serpentine flow pattern, hpden stoichiometry =
1.2, air stoichiometry = 2, (Yan et al., 2006).

For a good concentration of,@n the air through the entire fuel cell,should be bigger than 4. The rate of air
stoichiometric flow influences both the availalildaf O, as well as the humidity of the membrane. A love Hahits the
availability of G, because the air is depleted of When it reaches the end of the airflow channelsoAa very high
rate can dry out the membrane.

When the temperature increases, the reaction aialthying effect and reduces the relative humidibw relative
humidity can produce a catastrophic effect on thlymer electrolyte membrane, which not only totalglies upon
high water content, but also is very thin (and threne to rapid drying out).

To calculate the relative humidity of the output #ie balance of water is established:
output = input + internal generation,
or in terms of the water partial pressuP@pui= Pwin + Pwgen
And, alsoRH,y * Psat_out= Pwout, thenRH,¢ is

— PWm + PWgen
out — =

sat_out

RH 12)

where:Py;, is the water partial pressure in the input Rigenis the water partial pressure generated by thenidad
reaction;Psa out IS the saturated vapor pressure in the output air
Pwin = Psatin- RHn
where,RH,, is the relative humidity of the input air.
Pwgenis calculated from the next equation, (Larminiel &icks, 2003):

— 42'1 |:Pair

=TT ar 13
Y ) -0.18¢€ 13)

where:P,; is the air pressure (atm) ahds the air stoichiometric relationship.
The air stoichiometry)) to maintain a desired relative humidity is castall according to Eqg. (14), (Riascos, 2008).

_ 42 1P,
RH, [P.

des — sat_out - W,

-0.188 (14)

where:RHgesis the desired relative humidity to maintain saturateddition, normally between 80% and 100%, (Chan
et al., 2007).
Psatis the saturated vapor pressure:

P =-00175%0016786ex] —— .
2355
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3.OPTIMAL TEMPERATURE

The optimal temperature {fima) iS the highest temperature in which the PEMFC ogerate preserving a
recommended output RH (in this case, Rln saturated conditions) and a minimum recommerst@dhiometry.
Toptimal IS Obtained by combining Eq. (14) and Eq. (15).

Topima = 9625+ 2355[1}1[ = I—li [@izoltl%éj +B, + 0.0175% (16)
des .

Figure 4 illustrates Jumum @s a function of the temperaturefTand relative humidity of the input air (RH
simultaneously,X=2). From Fig. 4, it is observed that in the bestdition (RH,= 100 %, T,= 60 °C, B, = 1 atm), the
operating temperature should be smaller than 76 °C.

The air stoichiometry influences both the avail&pibf oxygen as well as the humidity of the menmwaA low
stoichiometry reduces the availability of oxygercéngse the air is depleted of oxygen when it reathe®nd of the
airflow channels. The effects on the PEM fuel gedirformance with different level of fuel utilizatioand air
stoichiometry utilization were tested in (Yan et 2006). In general, the maximum efficiency occairgibout 80% of
fuel utilization (H) and 25% of air utilization.

Figure 5 illustrates the limit operating temperatas a function of stoichiometry and output relatiamidity.
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Figure 4. TptimumVS. Tin and RKh (RH,,=100%).

Staichormetry

Figure 5. TptimumVS. RHy and stoichometry, (F25°C RH,=50%).

Figure 6 illustrates Jimum for different pressures when, Ts modified and Riks RH, and) are constants (Rl
= 100%; RHK, =50 % A = 2).
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Figure 6. TptimumVS. Tin

Figure 7 shows the ofimum for different pressures when RHs modified and Ris Ti, andA are constants
(RHge=100%; T, = 25 °C A = 2).

The operating conditions of a PEMFC are more seesib changes in air temperature than to inpuhtied
humidity. Notice that R at 60 °C, Ri{ = 50%, is more than three times than at 25 °CRitgl= 100%.
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Figure 7. TptimumVS. RHh

Considering Eq. (16), RiandA (i.e. a minimum recommendéq are given conditions; then the limit operating
temperature should be modified based on the airt iopnditions.

In the case of PEM fuel cells without extra-humiadfion, the air input conditions change accordingthe
environment conditions and, in general, variatibnmmore than 2°C) per hour can be considered.

On the other hand, in PEM fuel cells with extra-ldifitation, the variation of temperature and refathumidity of
input air can produce significant variation in tAEM fuel cell performance, and theg,dhum Should be continuously
calculated.

In general, PEMFC with extra-humidification work®ra efficiently, between 20 and 40%, (Yu and Ziegh®06).
But in some applications (such as portable eleasynthe extra size and weight of the humidifieosld be avoided.

Figure 8 illustrates the evolution of some PEM fgell variables. The variables are: electrical eotr(rc),
temperature, stoichiometri), and heat removed. Initially, the PEM fuel celpports a constant-load demand; and the
control system adjusts the air-reaction volume &ntain the humidity at the desired valiReJ.

The simulation begins at environment temperatupprax. 25 (°C). The temperature increases slowlyaas
consequence of a high inertia of the thermo-dynalstate. In this PEM fuel cell, the refrigeratispstem can be
turned-on when the operating temperature is highan 40 {C), Q.n, represents the heat removed by the refrigeration
system.

At t=30 minutes, the thermo-dynamical state is ahstable, then step-variations of load are preéoriat t=30 and
t=45 minutes to analyze the transient responsetenh in 50% and the return to 100%, respectively)
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A control technique for the refrigeration systemswasted. A Pl (proportional-integral) controlleasvconsidered.
The control signal is based on the difference @her) between Jyima and the operating temperature. The airflow
volume is adjusted by the control system; in thiseRH,, is kept constant (85%) and stoichiometry is highan 3.

A control technique for operating with optimal RHis implemented, (Riascos, 2008). Experimentalstssiow
agreement between analytical results and validatists.

Also in (Na and Gou, 2008) applied a thermal edeivacircuit for the design of a PEM fuel cell teenature
controller. The controller is based on a Pl-cotgrolith small gains

4. CONCLUSIONS

The operation of PEM fuel cells require a contrygdtem to ensure that humidity and temperature att@insthe
prescribed limits. In this research, a control treghe considering the optimal operating temperasimetroduced.

A PEM fuel cell model was applied to analyze theletion and to establish the dependence amongahables.
From the mathematical model, the evolutions of searéables that can be difficult to monitor in alrenachine are
observed (such as stoichiometry, heat removed toigeeation, by reaction air, etc.). Moreover, se#tat can imply
permanent damage to the equipment can be avoidet &s tests in very dry or over-heat conditiohs)addition,
predictions about the evolution of those varialdas be tested, optimizing time and resources. €balts show that
the optimal temperature control strategy is stablg consistent under different operational condgio

The control strategy implemented in this work cdess the desired relative humidity and the minimaim
stoichiometry as given conditions, and then theistdjent on the optimal operating temperature bgidapends on
the input air conditions. In PEM fuel cells withoextra-humidification, the limit operating tempenat is relatively
constant, since the input air conditions are reddyi constant. In this case, the limit operatingiperature can be
considered a constant value and continuous cailcnle not necessary.

Conversely, in PEM fuel cells with external humiglif the limit operating temperature strategy resgiia
continuous calculation ofgfimas Since the input air conditions can cause sigaifioczariations.

5. ACKNOWLEDGMENT

The authors thank FAPESP and CNPq for financiapettp

6. REFERENCES

Larminie, J. and Dicks, A., 2003, “Fuel Cell SysteExplained”, Ed. John Wiley & Sons Ltd.

Correa, J.M., Farret, F.A., Canha, L.N. and Simbe&;., 2004, “An electrochemical-based fuel celldabsuitable for
electrical engineering automation approach”. IEE&nS. Industrial Electronics, vol.51, n.5, pp.1103-2.

Fouquet N., Doulet, C., Nouillant, C., Dauphin-TapgG. and Ould Bouamama, B., 2006, “Model baseil Rl cell
state-of-health monitoring via AC impedance measargs.” J. Power Sources, vol.159, n.2, pp.905-913.

Promislow, K. and Wetton, B., 2005, “A simple matiaical model of thermal coupling in fuel cell &at J. Power
Sources, vol.150, n.4, pp.1235.

Riascos, L.A.M., Simoes, M.G. and Miyagi, P.E., 20Bayesian network fault diagnostic system foivPttiel cell”,
J. Power Sources, vol.165, n.1, pp.267-278.

Riascos, L.A.M., Simoes, M.G., Cozman, F.G. and adiy P.E., 2006, “Bayesian network supervision aalt§
tolerant fuel cells”, Proceedings of the4EEE-IAS (Industry Application Society), Tampa-RUSA.

Riascos, L.A.M., Simoes, M.G. and Miyagi, P.E., 20@0n line fault diagnostic system for PEM fuelltel. Power
Sources, vol.175, n.1, pp.419-429.

Riascos L.A.M., 2008, “Constant humidity controlREM fuel cells”, J. Power Sources, vol.184 n.Q&0

Chang, P.A.C., St-Pierre J., Stumper, J. and WeBon2006, “Flow distribution in PEM fuel cell sfes”, J. Power
Sources, vol.162, n.1, pp.340-355.

Freunberger, S.A., Santis, M., Schneider, I.A.,KAlm, A. and Buchi, F.N., 2006, “In-plane effeatslarge-scale
PEMFCs: model formulation and validation”, J. Etechem Soc., vol.153, n.2, pp.A396-A405.
Freunberger, S.A., Santis, M., Schneider, I.A.,KAlm, A. and Buchi, F.N., 2006, “In-plane effeatslarge-scale
PEFCs: the influence of cooling strategy on celfgrenance”, J. Electrochem Soc., vol.153, n.2, 90%-A913.
Santis, M., Freunberger, S.A., Papra, M., Wokaunard Biichi, F.N., 2006, “Experimental investigatiof coupling
phenomena in polymer electrolyte fuel cell stacds’RPower Sources, vol.161, n.2, pp.1076-1083.

Kim, G.S., St-Pierre, J., Promislow, K. and WettBn, 2005, “Electrical coupling in PEM fuel cellasks”, J. Power
Sources, vol.152, n.1, pp.210-217.

Chan, S.H., Han, M. and Jiang, S.P., 2007, “Gui@slifor stable operation of a polymer electrolytl tell with self-
humidifying membrane electrolyte assembly”, J. Elschem. Soc., vol.154, n.5, pp.B486-B493.



ABCM Symposium Series in Mechatronics - Vol. 4 - pp.137-146
Copyright © 2010 by ABCM

Yan, Q., Toghianib, H. and Causeya, H., 2006, ‘@festate and dynamic performance of proton exchamgmbrane
fuel cells (PEMFCs) under various operating condgiand load changes”, J. Power Sources, vol.161pp. 492-
502.

Yu, H. and Ziegler, C., 2006, “Transient BehaviéraoPEM Fuel Cell under Dry Operation”, J. Electrem. Soc.,
vol.153, n.3, pp.A570-A575.

Na, W. and Gou, B, May 2008, “A thermal equivaleirtuit for PEM fuel cell temperature control dgsi, IEEE
International Symposium on Circuits and System€AS 2008. 18-21 pp.2825 — 2828.

7. RESPONSIBILITY NOTICE

The authors are the only responsible for the pdimaterial included in this paper.



