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Abstract

This paper presents a new steady state model wduotains fewer polarisation curve
fitting parameters compared to other semi-empirmaldels. The established model is also
defined at no load operation and can be fittedego#lsf to the static polarisation curve for a
wide range of cell currents. The model links thel fcell voltage to the current by a simple
function to which various useful derivative lawshdae applied. As a result, many analytical
expressions, for example, polarisation resistamgeower density, can be evaluated directly
from the model.

Keywords: Proton exchange membrane fuel cell; steady statéempolarisation curve; semi-empirical model,
polarisation resistance.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFC® twe attractive solution for zero
emission energy productions. They are the promisitgrnative sources for stationary and
transported applications. To improve the efficienéythe fuel cell system, designers need a
simple but accurate model of the fuel cell. Unfodtely, the mentioned model is not yet
existence.

The straightforward method to create the fuel oeddel is to develop the physics model
that is to say coupled partial differential equasianodel. However, the fuel cell system is
usually incorporated with many auxiliary systemshsas compressors, cooling system and
flow control valves, so that, the physics model,ichhis constructed from physics,
electrochemical and thermodynamic laws of eachesystlement, will be very complicated
and difficult to use.

The empirical or semi-empirical fuel cell models #ne other option to the designer. This
kind of model is usually a simple mathematical falanwith some curve fitting parameters
which form a relationship between the interestedattes, in this case the terminal voltage
and current of the fuel cell. The drawback of tmedel is that it usually contains the
logarithmic function which makes the model undedia¢: zero current operation.

This paper presents a new empirical model of PEMF@. proposed model contains only
two curve fitting parameters which is less thanukeal empirical (or semi-empirical) models
may have. Further more, there is no logarithmicfam in the model, so that, it is continuous
and differentiable.

2. Thefud cdl models

At present, there are three main types of PEMFCatsoahich are the mass transport, the
empirical equivalent electrical circuit model ahe empirical mathematic model.



2.1 Masstransport model

This kind of model describes entire physical pheeoanof electrochemical reactions,
such as the transports of gases, water, protonscamdnt, that lead to the relationships
amongst fuel cell voltages, currents, temperatarel material parameters [1]-[3]. Several
aspects are involved in this kind of model, forrapée, multi-species diffusions through gas
diffusion layers, electrochemical reactions in #ivation layers, and water and protons
transport through the membrane. All these phenonageastrongly coupled and thermally
dependent [4]. Some parameters, for example themudensity, are space dependent which
make them not just difficult to solve but also requa high computational cost. Moreover,
this detailed model contains many adjustable patensie

This kind of model is necessary to predict andyaeathe static or transient behaviour of
a fuel cell, or just a part of them by means of pater simulations in different running
conditions. However, the model is very difficult tmderstand and is not well suited for
control applications.

2.2 Empirical equivalent electrical circuit model

The empirical model is a model that has no sohll between the model and the physical
system. The model always needs an experimentalt fesmn the real system to adjust the
model parameters. The circuit model is one fornthefempirical model of the PEMFC. The
circuit in Fig. 2 is a common and practical circonbdel for a PEMFC [5]-[7]. It consists of
three resistors where thg represents the membrane resistancand ¢ stand for anode and
cathode charge transfer resistance due to the f¢gdraxidation and oxygen reduction,
respectively. G, and G are the double layer capacitances at the elecdtnaaiebrane
interfaces. Finally, ¢aand %, are the diffusion impedances of the gas diffusayer in the
anode and the cathode side, respectively. Normilgse parameters are identified by using
an electrochemical impedance spectroscopy (EIS) [8]

The feature of the model is the low computatiaeat and its use in control applications.
However, as shown in figure 1, there ares a I@asémeter to estimate.
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Fig. 1. An Equivalent circuit of a PEM fuel cell

2.3 Empirical mathematic model

Some of them are based on a strong, though siegbliphysical description of the MEA
behaviour [9] [10]. The advantage is that they wallthe experimental determination of
important parameters governing the electrode pesasedn this sense this type of model is
used to confirm the physical interpretation of PEMgle cell behaviour in contrast to a
simple prediction of a polarisation curve. Howeveontrary to our model, those semi-
empirical models are typically intended for sinBEMFC and not for stacks.



Other models are quite simple compared to the phesretical models previously
described. The empirical equation is used to dstabie relation between voltage and current
of the fuel cell [11], [12]. For example, one oétmost preferred models is:

U=Ug -bin(l)-RI (1)

Ug = U, —blin(ly) (2)

where U, is the reversible cell voltage, b is the Tafelpglpand { is the exchange current
density and R is the ohmic resistance.

Kim et al. [13] proposed the improved version lmstexpression by adding a term that
would correct the observed difference between tbkkages computed from (1) and the
measured one. This difference has been fixed Wwetdllowing exponential function:

AU =mexp(nl ) 3)
where m and n are constant. Then, (1) can be tewrds:
U =Ug —bIn(l)-R —mexp(nl) (4)

This kind of model is quite accurate in a widerapieg range. However, as it can be seen
in (4), the relation is undefined for no-load opnas (i.e. 1=0) and there are five parameters
that have to be determined

3. Theproposed static model

The new static model, which was established inwugk, is simpler than those described
above as it has only two parameters to be detetmMereover, this model is defined at 1=0
at atmospheric pressure and for a given temperataok, it is continuous, differentiable and
simple, as follows:

U= Yo
1+al“
where U, is the open circuit voltage (OCV) and | is thelfoell stack current. As seen in (5),
al® has no unit, this implies that the parameter “aih de expressed ag”, where | is

equivalent to an electrical current and its usitancelled with I. Then, (5) can be rewritten
as:

(5)

U :U—O (6)

o)

wherea and|,, are the only two parameters to be determined.
We can try to link the parametetto a fuel cell characteristic parameter, for ins&ato
the open circuit voltage. By rearranging and apgyihe logarithmic function on both sides,

(6) can be rewritten as:
a |n(|_j = |n(Mj 7)
Ih U



From (7), we can deduce that the currgnts equal to | at U = bf2. However, this is just
a theoretical value because a healthy stack caafely reach this static operating point. By
the experimental results and using the non-intpgerer law function, the polarisation curve
is fitted by a least squares method.

As mentioned, the other useful behaviour laws camlérived from the proposed model,
for instance the function of the current-electriower curve and the current-polarisation
resistance curve will be shown here.

Since the electric power of the fuel cell is simphe product of the voltage and the
current, the function of the current-power derivean the model is:

“[n)

The last example is the derivation of the curresigpsation resistance curve.
Generally, the fuel cell voltage, U, can be expedsas a function of the steady state open
circuit voltage () where the voltage drops due to the cathode aadeaactivations+;,n5)

and the membrane;f,) as follow:

U=Ug =53 ~1c ~1m 9)

Each term of the voltage drop can be consideredrasult from the parasitic resistance of
each part.

The fuel cell resistance is a sum of those rasist® [14] and the steady state fuel cell
voltage can be rewritten as:

U=Ug - Ryl (10)

This resistance is usually measured using the Ethad. The analytical expression of the
fuel cell in (6) enables us to evaluatgin (10) as follow:

)
R —U_Olh— (11)

R

4. Experimental setup and results

For model verification, the experiments are perfednon a sixteen cell stack. The
stack temperature is assumed to be homogenousgthrihe system. The details of the
experimental set up is shown in Fig. 2. The paramseadre given in Table I. Only the inlet air
is humidified.
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Fig. 2. PEMFC test bench

Tablel

Fuel Cell Parameters
Fuel cell type Proton exchange membrane
Power 500 W
Number of cells 16
Active area 100 cm?
Anode operating pressure 1 atm
Cathode operating pressure 1 atm
Stack temperature 60 °C
RHa 0%
RHc 37 % and 63 %

Tab

lell

Model parameters for different cathode relative ldity

RHc 37% 63%
In[A] 449.7 483.2
a 0.338 0.350

A comparison between the proposed model in (6) taedexperimental result for two
different humidification conditions has shown igFB. The values of,land o are obtained
using a least squares method and given in Tabledhould be noted that the coefficients |
anda depend on the humidification of the inlet gas.
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Fig. 3. Comparison between the polarisation curves frona(@ the experimental results

For the current-power characteristic function i), @e function provides an accurate
result compared to the experimental curves as shawrig. 4. Since the mass transport
limitation does not appear under the normal fu#laggeration, the power curve under normal
operating range is roughly a linear function of thierent.
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Fig. 4. Comparison between the current-power curves fi@natid the experimental results

The evaluated polarisation resistances versus rtuofethe fuel cell at different relative
humidity of the inlet air are plotted in Fig. 5h& computed polarisation resistances from (11)
are definitely corresponding to the ones obtainguegmentally.
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Fig. 5. Measured and computed polarisation resistances.

Therefore, the model is in good agreement with erpental results.

Since, the parameters are determined under conatahthomogeneous temperature and
pressures, several additional experiments are deeden temperature or pressure are
changed.

4. Conclusion

In this work, a new PEMFC steady state model has lestablished. This model contains
less fitting parameters than the usual ones, besgmts many advantages for control
application. The important property of the modeths validity at open circuit operation, in
contrast to the other model that is undefined wtihencurrent approaches to zero. Further
more, the model is differentiable which is prefdri®y electrical engineers. Various analytical
expressions can be derived from the model, theesgmns of current-electrical power and
current-polarisation resistance are derived herexasmples. The curve of the cell resistance
from the expression is in accordance with the tasce at the low frequency measured by
EIS method without any extrapolation [15].
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