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Abstract

Electrochemical Impedance Spectroscopy (EIS) is widely used for the characteriza-
tion of PEM fuel cells. In particular, EIS data is used for parameter estimation of
the PEMFC equivalent circuit model. However, EIS exhibits some practical limita-
tions when it is applied to the in-field diagnosis and control of fuel cells (e.g., the
equipment’s size, weight and cost). An alternative methodology for the parameter
estimation of the PEMFC equivalent circuit is proposed. Firstly, the cell’s transient
response after current interruption is experimentally measured. The equipment re-
quired to perform this experiment is easily portable and inexpensive. Secondly, the
cell equivalent circuit parameters are estimated by fitting the cell’s experimental
data to the analytical expression of the cell model transient response after current
interruption. The application of this cell assessment methodology is illustrated by

means of a case study: the diagnosis of the cathode flooding in a PEM fuel cell.
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1 Introduction

Our society is suffering from fossil fuel shortage. Fossil fuels (i.e, coal, oil, and
natural gas) also contribute to a number of environmental problems during
their extraction, transportation, and use. In particular, their use to obtain
energy generates emissions that contribute to global warming and climate
change. As an alternative, fuel cells are one of the most promising means of

producing energy.

A considerable research effort has been made in order to understand the phys-
ical and chemical phenomena involved in the PEMFC operation. Numerous
mathematical models, describing these phenomena with great precision, have

been proposed [1-7].

Also, PEMFC models with low computational cost, suited for use in control
applications, have been developed. In particular, Randles electric models are
frequently used. In this context, EIS techniques are employed to study the fuel
cell behavior, and to estimate the value of the cell model parameters. However,
EIS equipment is too expensive and bulky for use on in-field assessment of
operating commercial cells [8-14]. As a consequence, this approach to PEMFC

modelling is not suited for in-field control applications.

1.1 Contributions of this paper

An alternative methodology for PEMFC diagnosis, intended to be used for

control applications, is proposed in this manuscript. Instead of using EIS, the
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cell model parameters are identified from the cell response after current inter-
ruption (CI). The advantage of this approach is that the equipment required

to perform the CI experiments is inexpensive and easily portable.

The CI data is used to estimate the parameters of a Randles electric model.
This PEMFC model has been specially formulated in order to facilitate the pa-
rameter estimation from CI data. The simplified randles model of the PEMFC

and the proposed parameter estimation method are discussed.

The use of CI techniques for cell state characterization is not new. Some
cell diagnosis methods, based on the CI technique, have been proposed by
other authors. In particular, CI techniques can be successfully applied to the
estimation of the FC resistance [15]. Other methods, based on the analysis of
the cell response after a step change in the load, are used to validate the data

obtained from the EIS study [16].

As a difference with other authors’ methods, the proposed methodology allows
estimating the significant operation parameters of the PEMFC only from the
CI data. Rich information about the cell dynamic behavior is contained in
the cell response to step and impulse inputs. In this case, the information is
extracted from the cell response after CI. The impulse has a wide spectrum

of frequencies, exciting the FC fundamental phenomena [17-19].

The manuscript has been structured into seven sections and two appendices.
Firstly, a Randles electric model commonly used to represent the PEMFC
dynamic behavior is discussed (Section 2). Then, a simplified model of the
Warburg impedance is proposed (Section 3). It allows writing the cell im-
pedance as an analytical expression, in terms of the cell fundamental physical

parameters (Section 4). This analytical expression of the cell impedance is
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Fig. 1. PEMFC electric models: a) complete model; b) simplified model.

used to obtain the analytical expression of the PEMFC voltage after CI (Sec-
tion 5). The cell model parameters can be estimated by fitting the analytical
expression of the cell voltage after CI to the CI experimental data (Section 6).
Finally, the proposed methodology is applied to a case study: the diagnosis of

the cathode flooding in a PEMFC (Section 7).

2 Equivalent circuit for a PEMFC

The voltage drop across the fuel cell (V) can be written as a function of
the over-voltages of the anode (7,), the cathode (7.) and the membrane (7,,)

[15,20):

‘/cell = Eoc —Na — Nm — e (1)

The cell voltage in Eq. (1) can be modelled by the electric circuit shown in Fig.
la, which is composed of Randles models connected in series [16,8]. Z% and
Zy, are the Warburg impedances associated to the gas diffusion in the anode
and the cathode respectively. Rj and R} are the charge transfer resistances in
the anode and the cathode. CJ and Cf; are the double layer capacities in the

anode and the cathode. Finally, R,, is the membrane resistance.



Two additional hypotheses are made in order to simplify the cell model shown

in Fig. 1a. As a result, the simplified model shown in Fig. 1b is obtained.

(1) The oxygen reduction reaction in the cathode in very slow in comparison
with the hydrogen oxidation reaction [21,22]. Therefore, the anode over-
voltage is very small in comparison with the cathode over-voltage. As a
consequence, the anode over-voltage contribution to the cell voltage can
be neglected in the model.

(2) The double layer capacity, which is usually represented by constant-phase
elements, is represented by a pure, single-frequency theoretical capacity

[9,14,16,23].

3 Modelling of the Warburg impedance

The Warburg impedance (Zy ) can be written in the Laplace domain as a

function of the finite length diffusion [8]:

tanh /s,
Zun(s) = R, 2T 2)
STd
where the diffusion resistance (R,;) and the diffusion time constant (7,) can

be calculated from the following expressions:

RTS
~ SC,Dn2F? 3)

52
Td — 5 (4)

Ry

The following approximation of the Warburg impedance in Eq. (2) is proposed:

_ I n R;
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Fig. 2. PEMFC electric model with Warburg impedance calculated from Eq. (5).

where

R =R;Ry for i ={1,2} (6)
Cr =02 for i = {1,2} (7)

Ry

or, equivalently

Ry Ry )

A =R 8
W(S) d (1 + R101Td8 + 1+ RQCQTdS ( )

This approximation is equivalent to model the cell by using the circuit shown
in Fig. 2. Four new parameters have been introduced in Eq. (8): Ry, Ry, C}
and Cy. The values of these four parameters are calculated by fitting Eq. (8)
to Eq. (2) in the frequency range from 2-107's™! to 1.5- 1035}, considering

74 = 1. The calculated values are shown in Table 1.

Table 1

Fitted values of the parameters in Eq. (8).

Parameter R; () Ry (2) C1 (F) Cy (F)

Value 0.8463 0.1033 0.3550 0.03145

The exact value of the impedance, calculated from Eq. (2), and the approxi-

mated value, obtained from Eq. (8) using the previously calculated values of
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Fig. 3. Exact (—) and approximated (x) Warburg impedances. Absolute error.
Ry, Ry, ('} and (5, are plotted in Fig. 3. Also, the absolute error is shown in

Fig. 3.

4 Modelling of the PEMFC impedance

The cell impedance (Z.;), calculated from the circuit shown in Fig. 2, is the

following:

as® + bs + ¢

= 9
ds3+es®>+ fs+g )

Zcell(s)

where the parameters a, b, ¢, d, e, f and g can be calculated from the following

expressions:
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The cell impedance described by Eq. (9) depends on the following four physical
parameters: Cy, Ry, R, and 74. As it will be discussed later, the value of these

parameters can be estimated from the cell response after CI.
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Fig. 4. CI experimental setup: a) equivalent circuit; b) DC impedance (Zr).

5 PEMFC response after CI

The simplified model of the Warburg impedance proposed in Section 3 has
been used (in Section 4) to obtain an analytical expression of the cell im-
pedance. Now, this analytical expression of the cell impedance will be used to

obtain an analytical expression for the PEMFC voltage response after CI.

The equivalent circuit of the CI experimental setup is shown in Fig. 4a. The
load impedance is Rjy.q. The cell impedance (Ze) is calculated from Eq. (9).
As the cell impedance has only real poles, the cell response after CI is equal

to the cell response after a current impulse at t = 0 (see Appendix A):

I(t) = Iyo(t) (17)

where 0(t) is the Dirac delta, and [j is the steady-state value of the current

at t = 0. It is calculated as follows:

Veen(t =07)

[ =
7 Zp(t=0)

(18)

where Zr is the DC impedance of the circuit shown in Fig. 4a. The equivalent

circuit of the impedance Zr is represented in Fig. 4b.
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Fig. 5. Experimental data of the cell voltage after CI.

The cell voltage can be written, in the Laplace domain, as follows:

‘/cell(s) - V;)c - Zcell(s)l(s) (19)

The time-domain expression of the cell impedance proposed in Section 4 is

the following:

3 2
; +bri+c .
L [ Zown(s)] = Ryd(t ari T om —rit 20
[ Zeen(s)] (1) + t <3d7”i2—|—2€7”i—|—f>€ (20)

where 71, ro and r3 are the three roots of the polynomial ds® + es? 4 fs + g.

The dynamic response of the cell voltage after CI is the following:

Ve (t) = Voo = Io [ R /27" 4+ ane™™" 4 age ™™ + age ™) (21
oV2m

where

ar? +br; + ¢
i = L ! f -:1,2,3 22
YT BT 2er, + f o 22

and also, it must be satisfied:

/ et =1 (23)

The parameter o can be estimated from the CI experimental data as follows.



The CI experimental data allow estimating the over-voltage due to the mem-
brane resistance [24,15]. It corresponds to the abrupt rising of the voltage,
from Vj to Vi, at time ¢t = 0" (see Fig. 5). Vp is the initial voltage, and Vj is
the voltage at t = 0. Both can be estimated from the CI experimental data.
Then, the membrane resistance (R,,) can be calculated from the following

expression:

Vi =Vo=1IRn (24)

Finally, the dynamic response of the cell voltage can be calculated, for t > 0"

(i.e., for Viey > Vi), from the following expression:

Veer(t) = Voe = Vs — I (ale_rlt + age "t + Oé3€_rgt) (25)

where V,. is the steady-state, open-circuit voltage of the PEMFC (see Fig. 5).

In order to illustrate the dynamic behavior of the simplified cell model shown
in Fig. 2, the cell voltage after CI (calculated from Eq. (25)) and the impedance
spectra are plotted in Fig. 6 for selected values of the parameters Cy, Ry, R,

and 7.

6 Model parameter estimation from CI data

The voltage after CI of the cell represented by Eq. (9) is described by Eq. (25).
The «; coefficients depend on the roots r; and on the parameters a, b, ¢, d,
e and f (see Eq. (22)). These parameters depend on the physical parameters
Cai, R4, R, and 74 (see Egs. (10)-(15)). As a consequence, V(1) is a function

of r, r9, 73, Ca, Ra, R, and 7.

10
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Fig. 6. Simulated cell voltage after CI and impedance spectra for selected parameter
values. Baseline: 75 = 0.5s, Cy = 0.1F, Rq = 6mQ and R, = 4mQ. a) 74 = {1s(—),
Baseline (——), 0.2s(...), 0.1s(—.—)}; b) Cg = { Baseline (-), 0.5F(——), 0.2F(...),
0.1F(—.—)}; ¢) Rq = {20mQ(—), 10mQ(——), Baseline (...), 1mQ(—.—)}; and d)

R, = {20mQ(—), 10mQ(——), Baseline (...), ImQ(—.—)}.

The analytical expression of V.. (t) as a function of ry, ry, 73, Ca, Ry, R,
and 7, is obtained by symbolic manipulation of Eqs. (25), (22), and (10)-(15).
Finally, in order to estimate the value of these seven parameters (i.e., ry, o,
rs, Ca, R4, R, and 74), this analytical expression of V;(t) can be fitted to

the experimental data of the cell voltage after CI (for V., > Vi).

The procedure described in this section allows estimating the value of the
parameters R,,, Cqy, R4, R, and 74. These parameters completely define the

simplified model of the fuel cell shown in Fig. 2.

11



7 Case study: modelling of the cathode flooding process

Cathode flooding and drying have a relevant effect on the cell performance.
In order to study the effect of the cathode flooding on the cell model para-
meters, the parameter estimation methodology proposed in Section 6 can be
repeatedly applied during the flooding process. The data obtained from each
CI experiment run, corresponding to a given cathode flooding level, is used to

estimate the parameters of the cell electric model shown in Fig. 2.

7.1 Experimental setup

PEMFC characteristics: 25 cm? electrode surface; NAFION 112 membrane;
electrodes of coal cloth; and double serpentine topology in anode and cathode.
Initial experimental conditions: 26°C and 60% relative humidity. Experimental

conditions: cell temperature is not controlled.

The experiment is conducted as follows. The PEMFC is fed with hydrogen
and oxygen at the same pressure: 0.5 bars. The anode and cathode exhausts
are kept closed. An electric load of 0.066 €2 is connected. Periodically, CI are
performed and an oscilloscope is used for cell voltage reading, with a sample

period of 2 ms.

In order to study the effect of the cathode flooding on the cell voltage and
current, a data acquisition card is used to record the cell voltage, with a sample
period of 1 s. This experimental data is used to estimate the amount of water

produced in the reaction.

12
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Fig. 7. Overall experiment results: a) cell voltage; b) cell current and estimated
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Fig. 8. Results from selected CI runs: a) measured and fitted cell voltages obtained
from 8", 10" and 12"¢ CI runs; b) impedance spectra calculated from 8 (o), 10**

(x) and 127¢ () CI runs.

7.2 Experiment results

The time evolution of the cell voltage and current are plotted in Fig. 7a and
7b respectively. The voltage and current decrease as time passes, due to the

cathode flooding.

As the cathode and the anode exhausts are closed, all the water produced
by the electrochemical reaction is accumulated inside the cell. This can be
used to estimate the water accumulated inside the cell (xm,0) [25]. The initial
mass of liquid water inside the cell is zero. Also, the initial cell temperature

is low enough to consider that the amount of water in gas phase is negligible.

13
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(x), fitted 3"4-order polynomial (——)

The method used to estimate the water generated in the cell is discussed in
Appendix B. The time evolution of the water accumulated inside the cell is

plotted in Fig. 7b.

Several CI runs are performed for different flooding conditions. The measured
and fitted cell voltages for the 8 10" and 12" CI runs are shown in Fig.
8a. The corresponding circuit models are calculated by applying the proposed
methodology, and they are used to obtain the impedance spectra, which are
plotted in Fig. 8b. As expected [14,26], the width of the impedance arcs in-

creases as a result of the cell flooding.

The model parameters calculated from the data of some CI runs, using the
Matlab curve fitting toolbox, are shown in Table 2. The parameter SSE is the

sum of the quadratic error of the curve fitting.

Note that 74, R4, R, and Cy depend on the amount of water accumulated
inside the cell (xm,0). In particular, the diffusion resistance (R,;) depends on
the diffusion media coefficient and the oxygen concentration on the active
surface (see Eq. (3)). The relationship between R; and xm,o is plotted in
Fig. 9. The points calculated from the 7", 8t 9th 10 115 1274 and 13"

CI runs are represented by the symbol x. The 3"%-order polynomial fitted to

14



Table 2

PEMFC model parameters calculated for selected CI runs.

Clrun Cg (F) Rg (mQ) R, (mQ) 74(s) Rpm (mQ) xmo0 (g-cm™2) SSE

3rd 1.006 4.63 0.50 0.271 14.6 0.037 0.68 -
7th 0.998 5.21 1.59 0.406 13.8 0.112 0.72 -
gth 0.994 5.62 2.01 0.463 13.9 0.120 1.01-
gth 0.991 5.80 3.88 0.551 10.4 0.129 1.78 -
10th 0.989 6.35 5.30 0.779 13.9 0.141 1.03 -
115 0.986 8.47 5.54 0.821 12.4 0.150 1.63 -
12nd 0.984 10.8 5.71 0.874 14.6 0.167 1.06 -
1374 0.973 18.0 6.20 0.947 17.7 0.187 1.51-

1072

1072

1072

1072

1072

1072

1072

1072

these points is the following:

Ry = 25390 — 8-3XHa0 + 0.96 X120 — 0.033 (26)

8 Conclusions

A PEMFC circuit model, well suited for control applications, and a method-
ology for model parameter estimation from CI data, have been proposed. A
key advantage of this approach is that the equipment required to perform the
CI tests is easily portable and inexpensive. As a consequence, it can be im-
plemented in cell commercial systems for in-field assessment of the cell. The

proposed modelling methodology has been successfully applied to the study

15
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Fig. A.1. Input signals: a) interruption step; and b) unit impulse.

of the cathode flooding phenomenon.

A Interruption step and impulse responses

Consider a plant transfer function described by Eq. (A.1). It will be demon-
strated that the plant response to the following two input signals is the same:

an interruption step and a unit impulse (see Fig. A.1).

‘ k’z‘,Ti eR
F(s)=> ——— where (A1)

kiaTi >0

The plant response to the interruption step can be calculated by subtracting
the response to a unit step, u(t), from that to f(¢) = 1 (i.e., the interruption

step can be written as 1 — u(t)).

The plant response to a unit step is the following;:

= [F(s)l} _ o lz m] _ Z s (1 - ek_) (A.2)

S -
(2

The plant response to f(t) = 1 is equal to the plant steady-state response to

a unit step:

lim {L—l [F(s)l}} = lim {sF(s)é} =lm{F(s)} = Zk (A.3)

t—00 S s—0 s—0

16



Therefore, the plant response to an interruption step can be calculated by

substracting Eq. (A.2) from Eq. (A.3):
Sk = Yk (15 ) = ke (A4)
On the other hand, the plant response to a unit impulse is the following:
LY F(s)=L" k; T A5
POl =17 [T | = T (A5)

As Eq. (A.5) is equal to Eq. (A.4), the plant described by Eq. (A.1) has the

same response to an interruption step than to a unit impulse.

B Amount of water in the fuel cell

The amount of water (Axm,0) generated by electrochemical reaction in the
fuel cell during the time period T, can be calculated from Eq. (B.1). The
cell current (/;,s), which is supposed constant during that time period, can be

calculated from the cell voltage and the load resistance (see Eq. (B.2)).

C(e]\4H OTm
A =27 . . B.1
XH20 =770 Nun (B-1)
V
[ins = B.2
Rload ( )

After N time intervals, the total amount of water in the cell, (x#,0),, can be
calculated from Eq. (B.3), where (xm,0)o0 is the initial amount water in the

cell.

(Xm0) v = (X#20)0 + Z (Axm,0)i (B.3)

17



Nomenclature

Cu Double layer capacitance (F)

C. number of electrons in one coulomb (C'~1)
C, Concentration in cathode active layer (mol - m™3)
D Diffusion coefficient (m? - s71)

Eoe Open circuit voltage (V)

F Faraday constant (F)

J Imaginary unit

Mp,0 Water molar weight (18.0157 - g - mol™!)
n Number of electrons

Ny Avogadro constant (6.0221415 - mol ™)

R Perfect gas constant (J - mol™ - K1)
R, Diffusion resistance (£2)

R, Membrane resistance (£2)

R, Charge transfer resistance (£2)

S Laplace transform variable

18



S Active area (m?)
S,  Electrode surface (cm?)
T  Temperature (K)

Zw  Warburg

Greek letters
Xmo Water load (g-cm™2)
4] Diffusion layer width (m)
Na Anode over-voltage (V)

e Cathode over-voltage (V)

N Membrane over-voltage (V)
T4 Diffusion-related time constant (s)
w Frequency (rad - s™1)
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