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Abstract— This paper describes the method used to
calculate the parameters of an electronic circuit
equivalent model of a PEMFC stack. The model is basgl
on that of Yu and Yuvarajan [1], but very little detail is
given by them on how to calculate the component vas
of the circuit model based on experimental data ad fuel
cell (FC) or FC stack. Here, a method will be estdished
in which the performance data of small FC stacks aa
be used to simulate the behaviour of much larger atks
under the same operating conditions. It is cruciato be
able to simulate a FC stack using an electronic aiuit
equivalent model when designing power converters ifo
FCs, since the FC stack can then be simulated togetr
with a power converter or any other electronic ciraitry.
First, a mathematical model of a small, two cell, pton
exchange membrane FC (PEMFC) was calculated based
on experimental data. This model was then adaptedt
describe the characteristics of a much larger, 100/, FC
stack. Finally, the mathematical model was used to
calculate the needed parameters for an electronidrcuit
model by establishing a clear relationship betweethe
two models.

Index Terms— Proton exchange membrane fuel cell
(PEMFC), Fuel cell (FC) stack, electronic circuit
equivalent model, boost converter.

I. INTRODUCTION
Over recent years, much emphasis has been plad#e on
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electrochemical device that converts a fuel (hydnjgand
an oxidant (oxygen or air) into electricity. Unlileebattery,
a FC can supply electrical energy for as long as lieing
supplied with fuel. This, together with the facatia FC
contains no moving parts, results in much longetithes
of FCs compared to batteries and ICEs, resultintprig-
term cost savings.
A number of technical and economic issues stil/ené¢ the
widespread implementation of FCs in automobilesesiine
threat of global warming demands that hydrogercéos be
produced from sources that do not generate gresehou
gases. However, the use of FCs in stationary agipits is
much more plausible [2]. This is especially truetfee use
of FCs in backup power systems, even more so when t
hydrogen needed to fuel these devices can be peddare-
site from renewable sources.

The theoretical open-circuit output voltage of BMFC
is 1.23 V. Due to losses in the various componeh&sFC,
the open-circuit voltage is somewhat less, typjcatound
0.9 V. Furthermore, as the output current of a f€dases,
its voltage drops in a non-linear fashion. The masilosses
in a FC, together with their influence on the celbutput
characteristics, will be discussed in the nextisecif a FC
stack is to be implemented in a system that woutwige
backup power for telecommunications equipment, for
example, some form of power converter would be eée¢d
increase the output voltage of a FC stack to airedjlevel
and that would be able to maintain a constant dutpu
voltage even under changes in load conditions.

In order to facilitate the design of a DC-DC boost

development of FCs for the replacement of intemnalynyerter to condition the output voltage of a e, it is

combustion engines (ICEs) in automobiles for
economic and environmental reasons. Although tlaeee
different types of FCs currently in developmeng groton
exchange membrane fuel cell (PEMFC) is the mostiylik
candidate to replace ICEs because of its lightweagid
low operating temperatures. A PEMFC s
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ecessary to be able to simulate a FC stack gerates in
combination with such a converter. For this reason
electronic equivalent circuit model of a PEMFC kthas
been developed [1]. Very little detail is availalda the
calculation of the parameters of the above mentione

@Model. Furthermore, Yu and Yuvarajan [1] only cédéed

the parameters of the model based on already rmxisti
performance data of a PEMFC stack and did not lise t
model to predict the characteristics of largerlstac

This paper will discuss the method used to caleullae
parameters of an electronic circuit equivalent nhafea
PEMFC stack. This was done by obtaining a mathemlati
model of a small, two-cell stack, based on expeniale
data. The mathematical model was then adapted teimo



the behaviour of a larger stack and verified by paring i +i

the model with experimental data of such a staakalfy, AV, = A'”( i n} \

the model was adapted for an even larger, 100 Vgt&ek, 0

and then used to calculate the needed parametemnfo @)

electronic circuit model by establishing a relasiip =Aln(i)-Aln(i,) Vv

between the mathematical en electronic equivalewctit

model. In the above equation s the current density in mA.¢t

and ij is the current density at which the voltage drop

Il V-1 CHARACTERISTICS OF AFC Srack begins to move away from zero. For exampld, is 100

As the current drawn from a FC stack increases, tmeA.cmi? there will be no voltage drop until the current
output voltage of the stack decreases due to valimsses densityi is greater than 100 mA.cmin Eq. (1),A is a
present in the components of the stack. The voltagent constant which value depends on the electrode rahtes
curve of a typical FC is shown in Figure 1 and lsoa well as the type of reaction taking place. Anotbause of
referred to as a polarisation curve or a V-l curve. voltage drop in a FC is from fuel crossover anckrinal
currents. Although the electrolyte membrane in aisC
designed to be impermeable to gas flow and to bg on

Even the open circuit voltage is less

than the thearetical no loss value proton conductive, it is still possible for a smathount of
ol Rapid initia fallin voltag 2 the reactants (H and air) to permeate through the
K PSSR membrane from one side of the cell to the otherisTh
oltage falls more slowly

(ac")ﬁ rﬂi'f?ﬁsfeff)"w linear together with a small amount of electron flow thgbuhe

membrane, causes a voltage drop in the open ciraliége

of low-temperature FCs. If a total internal currdetsityi,

o is caused to flow through the cell by fuel crossosad

el Voltage begins to fal faster internal currents, this voltage drop can be combinéh

‘ bl gt d i the activation losses given in the first part of E). Since

15 Reg- ) . the crossover current is usually very small and/ arsleful

LR Region2 &9 in explaining the initial drop in FC voltage, it reabe
omitted [3].
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B. Ohmic losses

The second region of a FC polarisation curve iglyfai
linear and is caused by the electrical resistarfic¢he
electrodes as well as the resistance to proton ffwaugh
the membrane. This voltage drop is proportionalthe
current density and can be modeled by :

Figure 1 Polarisation curve of a FC [3]

Note that a polarisation curve shows the outputga of
a FC with regards to current density which makesagier
to compare cells with different membrane surfaceasar
since the amount of current that can be supplied BC
increases as its membrane surface area increagese &
shows that there are three regions of a FC potaisa (2)
curve in which the output voltage exhibits differen
characteristics. The following sections will dissumach of ~ Wherer is an area specific resistance in terms¢@fckr?.
these regions as well as the mathematical equattwats
describe them [3].

AV, =ir V

C. Masstransport or concentration losses
The final cause of voltage drop in a FC is shown in
A. Activation losses, fuel crossover and internal currents  region 3 of Figure 1. This loss is referred to mass
Activation losses comprise the portion of the seltage transportation loss or concentration losses. Whea t
that is lost in providing activation energy for tbleemical oxygen needed by the cell is supplied in the forfnaio
reaction that transfers electrons between the retbes. there will be a reduction of the concentration xygen in
This voltage drop has a very non-linear form anthe air around the electrodes as the oxygen is bgedtie
contributes, in part, to the first region of theagh in cell. On the anode side, where hydrogen is useule till
Figure 1. Activation losseg\V,y , can be described by the also be a reduction of hydrogen pressure as mateobgn
equation [3] : is consumed as a result of higher currents beiag/mifrom
the cell. The concentration 1098V, iS given by:

AV,

trans

=me" V €))

wherem andn are constants in terms of V and<mA™*



respectively.

D. Complete mathematical model for a FC stack

Equations (1)-(3) can be combined and subtracteah fr
the theoretical open circuit voltage(E = 1.23 V), to give
the actual FC output voltage over its entire currange :

V =E+Aln(i,)=ir —Aln(i)-me" Vv
4

The first two terms in the above equation are @omst
regardless of the cell current, and can be repldged
practical open circuit voltag&ec :

V =Ey —ir-Aln(i)-me" Vv
®)

In the case of a FC stack, comprisedNgf identical cells,
Eg. (5) can be rewritten as [4] :

Vrmek = NeEoe =Neir =N AIn (i) = N.me™ Vv (6)
The constants in the above equationA, m andn) were
determined from the analysis of experimental datenf
small FC stacks of only two cells. The valueNgfwas then
adjusted to predict the behaviour of a larger, YOOFC
stack. The resulting equation was then used taydesn
equivalent electronic circuit model of a 100 W R@ck to
enable the simulation of the stack together witheot
electronic circuitry.

In order to verify the model in Eq. (6), a smallotaell
stack was constructed and used to obtain an expetah

polarisation curve [5]. A typical value of was chosen as
0.008 cmd.mA™.

TABLE 1
Two CELL STACK PERFORMANCEDATA

Stack

voltage Current Curren_t2
W) (A) (mA.cm™)
1,82 0,1 4
1,76 0,2 8
1,75 0,3 12
1,73 0,4 16
1,72 0,5 20
1,70 0,6 24
1,69 0,7 28
1,68 0,8 32
1,67 0,9 36
1,65 1,0 40
1,61 15 60
1,57 2,0 80
1,53 2,5 100
1,50 3,0 120
1,46 3,5 140
1,42 4,0 160

From the data in Table 1, it can be seen that fem o
circuit voltage of the two cell stacEsc is equal to 1.97
V. This means that the open circuit voltage ofregka cell
would be 0.985 V. By substituting values from Tablato
Eqg. (6), the values of A andm were calculated. This was
done by forming six equations from the data in €dbl

8r + 2,7726A + 2,0650n = 0,15
24r + 4,9698A + 2,2015n =0,22
160r + 8,7641A + 3,7930n = 0,40
320r + 10,150A + 7,1933n =0,55

560r + 11,2696A + 18,786™ = 0,88
640 + 11,5366A + 25,8716n = 0,96

The above equations can be written in matrix form :

Ax =b, where

@)
8 2,7726 2,065C 0,15
24 4,9698 2,201 0,22
A= 160 8,7641 3,793(  x=A andb= 0,40
320 10,1503 7,193 0,55
560 11,2696 18,786 0,88
640 11,5366 25,871 0,96

To solve for the solution matrix, Eg. (7) can be rewritten
in the form

x=A
8

The above equation was solved using MATLAB, and the
following values were found :

r = 0.0006 &.cn?
A=0.0351V
m=0.0147 V

Based on the above values, the mathematical mddeiyo
Nc — cell stack under the same operating conditioosldv



be :

_ I _ kT
Vaex = Ne(0,986)- N (0,0003) Vo =nVrIn (EJ whereVs ==
- N, (0,0351)Ii) - N, (0,014&)* 11)
)
wheren is the emission coefficienlg, is the saturation
Note that Eq. (9) only holds true whefs given in terms current andV; is the thermal voltage in terms of the
of current density (mA.cif). The equation was convertedBoltzmann's constantk], absolute temperaturer)( and
to express in terms of Amperes (A) so that it can be useélectronic chargeq. This equation exactly resembles Eq.
to determine the parameters of an electronic etpriva (1) for the activation losses in a FC [1].

circuit model : The transistors, Q1 and Q2, together with R1 a@d R
form a current limiting circuit used to model the
Vgrack = N¢(0,986) N (0,0120), concentration losses of the FC stack. R2 acts aewmur

~N,.(0,0351) "‘('o)‘ N, (0,014% % —N_ (0,1% (10) sensing rgsi;tor SO tr_lat when the cu_rrent throt_;ghdeeds
a certain limit, Q2 will start conducting, reducitite base
voltage of Q1. This will cause the emitter voltazjeQ1 to
A)clecrease at an exponential rate. The two transisioe
assumed to be identical with current gginand base-
emitter voltageVge. The variation of the output voltage]
as a function of load currenk) can be determined using
the circuit in Figure 3.
The base current of Q1g{) and the collector current of
Q2 () can be written as

wherel, is the stack current in terms of Amperes (
Also note that a second constant term is introducdeq.
(10) because of the nature of the natural logaritem in
Eq. (9). The next section will discuss the develeptnof
the electronic circuit equivalent model of a FCcktas
proposed by Yu and Yuvarajan [2] that allows a F&ls
containing any number of cells to be simulated gisim
electronic simulation package.

_Io_lcz

IBl - l+,3
Ill.  ELECTRONICEQUIVALENT CIrRCUIT MODEL 12
In the previous section, the mathematical model BC (12)
stack consisting ofN: cells was discussed. As stated R
earlier, an electronic circuit equivalent model \pagposed | =l.e"
Cc2 S

by Yu and Yuvarajan [1]. However, no details weieeg
on a method of calculating the values of the coreptin

i ircui n math i . .
the e_quwaler_n cireutt mode_l based on a mathemat C\?vherels is the saturation current of Q1 and Q2 afds
equation obtained from experimental data.

the thermal voltage as given by Eq. (11).

(13)
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Figure 2 Electronic circuit model of a PEMFC [1]
The electronic circuit model of a PEMFC stack iswgh Figure 3 Modeling the concentration losses of a FC
in Figure 2. The model is based on the non-linganita
diode and the current control feature of bipolamcjion
transistors (BJTs). The diode is used to modelathmic
losses and activation losses, while the two BJTs 4@d Vo =V =Rl +lcz) ~Vee, "R 1o~ ez~ o)
Q2) are used to model concentration losses. Theaciap C
and inductor L are used to measure the dynamicvimita By substituting Eq. (12) and (13) into Eq. (14) and
of the stack. Typical values of 1F and 10 mH wetesen assuming thatg is large, the output voltage can be
for these two components respectively. simplified to

The relationship between the voltage across a didgle
and the current through i) is given by the equation

The output voltage can then be written as

(14)



R2,
V, =Vs-R20,-RI0e " -V
(15)

Combining Egs. (11) and (15), as well as takingahmic
resistance of the diode gRinto account, the total FC stack
output voltage can be written as

Vo =Vg +nV; In(1g ) =Vee = 1o(R2+ Ry )
1oR2

-nV; In(l,)- ROge™

(16)

It can be seen that Eq. (16) has the same formhas t

mathematical model of a FC stack given in Eq. (B)).
comparing these two equations, the following valoasst
be calculated in order to finalize the circuit modea FC
(the thermal voltag¥; is 25 mV at room temperature) :

* Vs (Voltage of the battery).

« R1andR2.

* The emission coefficient of the diode,

e Saturation current of the diodegp.

« Saturation current of Q1 and Q2,

e Ohmic resistance of the diodey.R

Figure 4 Simulated, calculated and measured
polarisation curves of a two cell PEMFC stack

It can be seen from the above graph that the tesdts

closely match each other, proving that the two rieodan
be used to accurately describe the behaviour o astRck.
In order to further test the models, Eq. (10) wasduto
calculate the performance of a four cell stack. fdselting
equation was then used the determine the paranuétdre

For a two cell stackNc = 2), the above values can begqivalent circuit model for such a stack. The sation

determined by comparing Eq. (16) with EqQ. (10) andeqts, together with those obtained from calindpEg.

establishing the following relationships :

* Ve+nViin(lg)=1972 , where Vs is the
theoretical output voltage of 2.46 V.
+ (R2+R,)=0,02¢

e nV; =0,07
*+ Rl =0,029¢
. R_Z:olgz

V,

A
A value for R1 was chosen as @0 The values for Eq. (16)
were then calculated to be :

« R2=0.0022

* 15=0.00294 A

e n=28=3

« Rp=0.016Q

e |g =0.000938 A

IV. SIMULATION RESULTS

The graph in Figure 4 shows the polarisation cupfes
two cell FC stack obtained from experimental datable
1), the mathematical model (Eq. (10)) as well asrésults
of simulating the proposed electronic circuit eqléwnt
using the Proteus VSM simulation package.

(10), were compared to the actual performance data
obtained from a four
laboratory. These graphs (Figure 5) show that tloelain
can be used to predict the behaviour of larger ks
based in the performance data of smaller ones.

cell stack constructed in the
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Figure 5 Simulated, calculated and measured
polarisation curves of a four cell PEMFC stack

V. CONCLUSION
The various losses present in a FC were discussed i

terms of mathematical equations which were them use

20 Sirmulated

-
18 Calculated
1.8 S

mathematically model the behaviour of a FC stack. A



already existing electronic circuit equivalent miookea FC
stack was defined and the mathematical model ofFe
used in order to make the circuit equivalent madelre
adaptable and easier to use for a wide variety of
applications. It could be seen that the data dslteérom
testing a small FC stack could be used to model and
simulate the behaviour of larger stacks.
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