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Abstract

This work presents a detailed dynamic model andodainvalidation study using real
data from a Hydrogen Fuel Cell Testing Unit (HFCTW) parameter estimation
technique is employed for the determination of keydel parameters and the validation
of the overall system behavior is carried out bsnparing experimental and simulation
results. Data illustrate the transient respons¢hefsystem during load changes. The
model is oriented towards process optimization esmtrol and relies on mass balances
and electrochemical equations implemented in tHR@®AS™ software environment.
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1. Introduction

Fuel Cells (FC) systems are a potentially goodrcle@ergy conversion technology and
they can be used in a wide variety of power germratpplications. They are
categorized mainly on the type of electrolyte usggkrating conditions or fuel. The
Polymer Electrolyte Membrane fuel cells (PEMFC) aterently considered a good
candidate for ground vehicle applications and sipaitable devices as they have high
power density, fast start-up time as well as lomyj end stack life. The critical
operating parameters are mainly the air and hydrofged, flow and pressure
regulation, and heat and water management. Thik isdocused on the validation of a
model that incorporates features for these parametgainst a real test bed system. The
following section presents a dynamic fuel cell modile the subsequent section
introduces a model validation procedure includingoaparison of model predictions
against experimental results.

2. Modeling

The proposed model rely on first-principle equasi@ombined with equations having
experimentally defined parameters thus resulting $s&mi-empirical system. The model
accounts for mass dynamics in five control voluntée: gas flow channels, the gas
diffusion layers and the membrane, as well as themhlynamics. The mathematical
model equations that describe the operation ofRBieconsist of the voltage-current
characteristics and a relationship for the consionpif the reactants as a function of
the current drawn from the fuel cell.
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2.1. General analysis and modelling assumptions

In order to simplify the modeling and reduce thempatation time the following
assumptions are drawn. The gases are ideal anornhyf distributed inside anode and
cathode. The stack is fed with humidified hydrogemd air because the use of
humidified fuel and air improves the efficiencytbe FC, thus the model have to take
this into account. The temperature is constantuaiirm for each experiment. The gas
channels along the electrodes have a fixed voluntle small lengths, so that it is
necessary only to define one single pressure valutheir interior. Regarding the
operation of the system, during experiments thedyced water is continuously
removed from the cathode flow and also the condkmssder on the anode is dragged
by flow of the unreactted hydrogen. The modelinghef gas diffusion layers as well as
the modeling of the membrane rely on the same amsats presented in del Real
(2007). The physical parameters of these equataes adjusted according to the
experimental measurements taken from the realmsyste

2.2. Electrochemical Equations and Voltage Calculation

Typical characteristics of FC are normally giventive form of polarization curve,
which is a plot of cell voltage versus cell currelgnsity. To determine the voltage-
current relationship of the cell, the cell voltabas to be defined as the difference
between an ideal Nernst voltage and a number ¢tdgellosses as it is described in the
current section. The main losses are categorizegttastion, ohmic and concentration
losses. The equation that combines these irreviisi expresses the actual cell
voltage:

Vcell h Enernst _Vact _Vohm _Vconc @
The above equation is able to predict the voltaggpus of PEM fuel cells of various
configurations. Depending on the amount of curdnatvn the fuel cell generates the
output voltage according to (1). The electric podelivered by the system equals the
product of the stack voltage Vcell and the curdeatvn I:

P=1-V,, 2

This description for the activation overvoltagedsknto account the concentration of
oxygen at the catalyst layer (Pathapati et al. 2005

V= HETHET IN()+& T In(c, ) 3

At a later stage, as current density rises, ohossds (Vohm) prevail. They are derived
from membrane resistance to transfer protons aorch felectrical resistance of the
electrodes to transfer electrons.

Vohm - (55 * é:GT + é:7| ) ! (4)

Finally the mass transport or concentration lossesult from the change in
concentration of the reactants at the surface ef dlectrodes as the fuel is used
(Larminie J., 2003):

Vv =ggexpEl) 5)

conc
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where§ represents experimentally defined parametric effts whose vary can vary
from stack to stack.

2.3. Mass Balance Equations

The model equations consist of the standard matelance of each component. Every
individual gas follows the ideal gas equation. Bfere mass is described through
partial pressures of each gas in the material ba&nApplying mass balance to the
cathode channel volume, assessing the inlet andtdidgws of the channel and the
exchange flow between it and the gas diffusion dayke following equations are
derived:

dmOz,cach o . . 6

dt = Mo, cach,in ~ Mo, cach,out ~ Mo2,caGDL2cach ©®)
dmNz,cach _ M

~ ""Nz,cach,in ~ "' 'N2,cach,out

dt ©)
dm,

,cach . . .

dt - r.r\/,cach,in N rT.\/,cach,out + rr\/,caGDLZCach + mevap,cach ®
M ,cach,in™ M cachout me'\/ap cach ~ 0 ©)
Mya,cach = Moz,cach ™ MN2,cach T M cach (10)

N, M~ |
fc 02 (11)

M02,caGDL 2cach = AF

The amount of water vapor in the fuel and air iEdated from the value of relative
humidity @(ancacnin), the saturation pressure{pand the temperature GF cqacin)

W _ Iv'HzO ¢[an,ca]ch,inpsat (T[an,ca]ch,in)
v,[an,calchin —

(12)
air Pan,calchin ~%an calchin Psat (-'Eanca]chin)

The equations that give the amount of each speggieg) into the channels which will
be useful for the determination of the pressurédenghe channels are presented at
Pukrushpan et al. (2005). In order to describe é¢kaporation and condensation
dynamics inside the channel, the proposed equatifies to those used by Golbert &
Lewin (2007). In conjunction with these equatiohe tinlet mass flow rate of the
nitrogen, oxygen and vapor going into the anod@wrbbcan be determined:

. 1 .
My cachin = Wk cachin Meachjn
1+ Wv,cach,i n

k=[0,, N, v] (13)

At the cathode the liquid water condensed is drddpyethe air, so the outlet flows are:

m

cach,out = Kcach,out ( Peach ~ pout) (14
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. mk,cach .
My cach,out = Meachout  *02 N2 V] (15)

mma,cach

The equations that describe the anode channelralegous to the ones that describe
the cathode flow channel.

3. Experimental Validation

In order to assess the validity of the developedieha real Polymer Electrolyte
Membrane (PEM) fuel cell system has been used tergée experimental data under
various conditions. The effect of operational ctindis such as temperature, pressure
and humidity in the performance of the system wasstigated, as the underlying
operating conditions significantly affect profitatyi, effectiveness and safety aspects.
Thus the validation procedure relies on experimemder steady state and dynamic
conditions. The optimally defined values of thegraeters were then used to validate
the model under other experiments at different ajg@mal conditions.

3.1. Experimental Setup

The fuel cell unit is integrated with several aiay components to form a complete
fuel cell system. The setup is comprised of a PEMIFCell working at a constant
pressure and a Power Conversion Device capablenfatling the current drawn from
the FC. All experiments were conducted on a Fudll Tssting Unit (FCTU) composed
of a humidification system, two mass flows for tiegulation of the hydrogen and the
air flow and two PID controllers for the anode aadhode pressure regulation. Also the
temperature control subsystem includes an air egdiystem and a heat up system. A
simplified process and instrumentation diagramhefunit is presented in Fig 1.

L

Figure 1 Fuel Cell Testing Unit

3.2. Experimental Procedure

The experimental procedure consists of readingyimamic response of the cell voltage
and cell power after the occurrence of small change the load demand. This
experimental procedure intended to derive the ¢adll polarization curve and acquire
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data from the overall operational range. The oVezaperiment is conducted using
constant pressure and temperature and fixed idterfest the load demand. More
specifically the load varies from OA to 20A with step change of 2A every two
minutes. Two sets of experiments were used fog#meration of data for the parameter
estimation procedure. The varying condition betwé®n set of experiments was the
pressure, OBarg and 1Barg. Regarding the operatsatiings of the system: a) the FC
temperature was stable at 65°C and the humidifinag@mperature was 75°C, b) the air
flow was 2000cc/m and the hydrogen flow 500cc/m.eAth condition four identical
experiments were conducted.

3.3. Parameter Estimation

The developed model has been implemented in theD§PR modelling environment.
Simulation runs indicated the sensitivity of thesteyn concerning the most critical
parameters to be selected for the estimation. @reenodel is constructed, estimation
is performed to define a set of selected parameéteestivation and ohmic losses. A
nonlinear regression technique with a constantamag model defining a maximum
likelihood estimation problem was employed to deiee the optimum values for the
selected parameters, including the parametric ioiefts in activation lossesf() and

in ohmic losses £, ). The characteristic cell voltage and the appbedent density

were measured through an on-line supervisory cbatrd data acquisition system. The
bounds for the parameters and the estimated vahegsresented in Table 1.

Table 1. Parameters for estimation

Parameter Est.Value Up Bound LowBound Std. Dev % @onf Int
51 1.3205 1.4 0.954 1.04 10—3 2.04 10—3
& 7.8510% 4.310*% 1.110° 41210 8.1.10°

Model predictions are in a very good agreement thithexperimental data as indicated
in. Fig 2. As it can be observed both experimeatal simulation results show that a
pressure increase raises cell voltage and constyties power output.
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The validated model demonstrated an excellent bhehaboth at steady and transient
conditions and therefore it can be used both itesysstartup and during variable load
changes.

3.4. Model Validation

A new set of experiments were conducted to asbesadcuracy of the validated model.
The varying condition was pressure of 05.Barg ar&Barg. Fig 3 that the model

predictions are in good agreement with the expertalaesults. It is clear that under
different pressure conditions the model responsesiisilar to the experimental

behaviour for the whole range of current variation.
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Figure 3 Voltage and power output to load changasguhe validated model (0.5Barg, 1.5Barg)

4, Resultsand Future Work

A dynamic model of a PEM fuel Cell system has bgeesented followed by a
validation procedure relying on the optimal deteration of selected model
parameters.. The predictions of the model are odgmgreement with experimental data
under various operating conditions. Therefore thiedated model can provide the basis
for deriving flexible design options and real-timentrol policies which are the subject
of future work.
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