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bstract

A novel methodology for the on-line diagnosis of PEMFC, intended to be used in portable control systems, is proposed. First, an equivalent-circuit
odel for PEMFC is proposed. This model has a low computational cost and it allows reproducing the dynamic behavior of the PEMFC. The

elationship among the parameters of this simplified model and PEMFC electrochemical parameters is stated. Secondly, a procedure to estimate
ll the parameters of this model from the cell’s transient response after current interruption (CI) is proposed. The equipment required to make
hese CI measurements is easily portable and inexpensive. Thirdly, the procedure to calculate some relevant PEMFC electrochemical parameters
rom the equivalent-circuit parameters is discussed. These PEMFC parameters are the double layer capacitance, the diffusion resistance, the charge

ransfer resistance, the diffusion-related time constant, and the membrane resistance. Finally, this PEMFC assessment methodology is applied to
he diagnosis of the cathode flooding. The diffusion resistance is found to have a dominant effect on the amount of water accumulated inside
he cell. The described methodology can be used to characterize other phenomena, including the cathode and membrane drying, the membrane
egradation, and the anode poisoning by carbon monoxide.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Our society is suffering from fossil fuel shortage. Fossil fuels
i.e., coal, oil, and natural gas) also contribute to a number of
nvironmental problems during their extraction, transportation,
nd use. In particular, their use to obtain energy generates emis-
ions that contribute to global warming and climate change. As
n alternative, fuel cells are one of the most promising means of
roducing energy in portable systems.

A considerable research effort has been made in order to
nderstand the physical and chemical phenomena involved in
he PEMFC operation. Numerous mathematical models have
een proposed, including 1D [1–4], 2D [5], and 3D [6,7] static
odels; and 1D [8,9], and 3D [10] dynamic models. The
ater flooding in the PEMFC cathode has been modelled from
hysical–chemical first principles [11]. These detailed models

ontain a large number of adjustable parameters and their com-
utation time is large. As a consequence, these models are not
ell suited for control applications.
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PEMFC models with low computational cost, intended for
se in control applications, have also been developed. Randles
lectric models are frequently used in this context. The combined
se of EIS and Randles models for over-potential calculation
as proposed by Wagner [12]. The anode poisoning by carbon
onoxide was discussed by Ciureanu and Wang [13]. The rela-

ionship between the amount of water and the cell resistance
as studied by Andreaus et al. [14], and Yuan et al. [15]. The

ffect of the cathode flooding and drying on the cell behavior
as addressed in [16].
In this context, EIS techniques are employed to study the

uel cell behavior, and to estimate the value of the cell model
arameters [17–20]. However, EIS equipment is too expensive
nd bulky for use on in-field assessment of operating commercial
ells. As a consequence, this approach to PEMFC diagnosis is
ot suited for in-field control applications.

An alternative methodology for the in-field diagnosis of
EMFC, that can be implemented in portable control systems,

s proposed in this manuscript. To achieve this goal, a Randles

lectric model of the PEMFC is proposed. This dynamic model
as a low computational cost and it has been specially formu-
ated to facilitate the estimation of their parameters from the
ell response after current interruption (CI). The advantage of
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Nomenclature

Cdl double layer capacitance (F)
Ce number of electrons in 1 C (C−1)
Cg concentration in cathode active layer (mol m−3)
D diffusion coefficient (m2 s−1)
Eoc open-circuit voltage (V)
F Faraday constant (F)
j imaginary unit
MH2O water molar weight (18.0157 g mol−1)
n number of electrons
NA Avogadro constant (6.0221415 mol−1)
R perfect gas constant (J mol−1 K−1)
Rd diffusion resistance (�)
Rm membrane resistance (�)
Rp charge transfer resistance (�)
s laplace transform variable
S active area (m2)
Sa electrode surface (cm2)
T temperature (K)
ZW Warburg

Greek letters
δ diffusion layer width (m)
ηa anode over-voltage (V)
ηc cathode over-voltage (V)
ηm membrane over-voltage (V)
τd diffusion-related time constant (s)
χH2O water load (g cm−2)
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his approach is that the equipment required to perform the CI
xperiments is inexpensive and easily portable.

The relationship among the parameters of this Randles model
nd the following PEMFC electrochemical parameters is dis-
ussed: the double layer capacitance, the diffusion resistance,
he charge transfer resistance, the diffusion-related time con-
tant, and the membrane resistance. The procedure to estimate
he value of these physical parameters from the Randles model
arameters is proposed.

The use of CI techniques for cell state characterization is not
ew. Some cell diagnosis methods, based on the CI technique,
ave been proposed by other authors. In particular, CI techniques
an be successfully applied to the estimation of the FC resistance
21]. Other methods, based on the analysis of the cell response
fter a step change in the load, are used to validate the data
btained from the EIS study [22].

As a difference with other authors’ methods, the proposed
ethodology allows estimating the significant operation param-

ters of the PEMFC only from the CI data. Rich information
bout the cell dynamic behavior is contained in the cell response

o step and impulse inputs. In this case, the information is
xtracted from the cell response after CI. The impulse has a wide
pectrum of frequencies, exciting the FC fundamental phenom-
na [23–25].
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. Experimental set-up and procedure

In order to study the effect of the cathode flooding on the
ell model parameters, the parameter estimation methodology
roposed in Section 3 is repeatedly applied during the flooding
rocess. The data obtained from each CI experiment run, corre-
ponding to a given cathode flooding level, is used to estimate
he parameters of the cell electric model. The experiment results
re discussed in Section 4.

.1. Experimental set-up

PEMFC characteristics: 25 cm2 electrode surface; NAFION
12 membrane; electrodes of coal cloth; and double serpentine
opology in anode and cathode. Initial experimental conditions:
6 ◦ C and 60% relative humidity. Experimental conditions: cell
emperature is not controlled.

.2. Experimental procedure

The PEMFC is fed with hydrogen and oxygen at the same
ressure: 0.5 bar. The anode and cathode exhausts are kept
losed. An electric load of 0.066 � is connected. Periodically,
I are performed and an oscilloscope (Tektronix THS720) is
sed for cell voltage reading (2500 readings per CI test), with a
ample period of 2 ms.

In order to study the effect of the cathode flooding on the cell
oltage and current, a data-acquisition card (PCLab PCL812G)
nd LabVIEW are used to record the cell voltage, with a sample
eriod of 1 s. This experimental data is used to estimate the
mount of water produced in the electrochemical reaction (as it
s discussed in Section 3.8).

.3. Uncertainty analysis

Tektronix THS720 oscilloscope: dc voltage range, 400.0 mV
to 880 V; dc volts accuracy, ± (0.5% of reading + 5 counts).
PCLab PCL812G card: its measurement accuracy is
±0.015% of the complete range.
Electric load: it was calibrated using the HP 4192A
impedance analyzer, which has a measurement error of
±0.1%.

. Analysis and modelling

.1. Main assumptions

The voltage drop across the fuel cell (Vcell) can be written
s a function of the steady-state open-circuit voltage of the cell
Eoc), and the over-voltages of the anode (ηa), the cathode (ηc)
nd the membrane (ηm) [21,26]:
cell = Eoc − ηa − ηm − ηc (1)

he open-circuit voltage (Eoc) is modelled as an ideal voltage
ource. The external operating conditions are kept constant dur-
ng the experiments. Therefore, the over-voltages (ηa, ηm, ηc)
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Fig. 2. PEMFC electric model with Warburg impedance calculated from Eq.
(5).

Table 1
Fitted values of the parameters in Eq. (8)

Parameter Value

R1 (�) 0.8463
R2 (�) 0.1033
C1 (F) 0.3550
C

w

R

C

o

Z

T
t
i
t
(
s
T

a
previously calculated values of R1, R2, C1 and C2, are plotted
in Fig. 3. Also, the absolute error is shown in Fig. 3.
Fig. 1. PEMFC electric models: (a) complete model and (b) simplified model.

re assumed to be only dependent of the FC internal phenom-
na. The over-voltages of the different layers can be modelled
s electric components that represent the FC dynamic behavior.

.2. Equivalent circuit for a PEMFC

The cell voltage in Eq. (1) can be modelled by the electric
ircuit shown in Fig. 1a, which is composed of Randles mod-
ls connected in series [22,18]. Za

W and Zc
W are the Warburg

mpedances associated to the gas diffusion in the anode and the
athode, respectively. Ra

p and Rc
p are the charge transfer resis-

ances in the anode and the cathode. Ca
dl and Cc

dl are the double
ayer capacities in the anode and the cathode. Finally, Rm is the
embrane resistance.
Two additional hypotheses are made in order to simplify the

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

1) The oxygen reduction reaction in the cathode in very slow in
comparison with the hydrogen oxidation reaction [27,28].
Therefore, the anode over-voltage is very small in compar-
ison 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 [19,16,22,29].

.3. Modelling of the Warburg impedance

The Warburg impedance (ZW) can be written in the Laplace
omain as a function of the finite length diffusion [18]:

W(s) = Rd
tanh

√
sτd√

sτd
(2)

here the diffusion resistance (Rd) and the diffusion time con-
tant (τd) can be calculated from the following expressions:

d = RTδ

SCgDn2F2 (3)

d = δ2

D
(4)

The following approximation of the Warburg impedance in

q. (2) is proposed:

W(s) = R∗
1

1 + R∗
1C

∗
1s

+ R∗
2

1 + R∗
2C

∗
2s

(5) F
l

2 (F) 0.03145

here

∗
i = RiRd for i = {1, 2} (6)

∗
i = Ci

τd

Rd
for i = {1, 2} (7)

r, equivalently

W(s) = Rd

(
R1

1 + R1C1τds
+ R2

1 + R2C2τds

)
(8)

his approximation is equivalent to model the cell by using
he circuit shown in Fig. 2. Four new parameters have been
ntroduced in Eq. (8): R1, R2, C1 and C2. The values of
hese four parameters are calculated by fitting Eq. (8) to Eq.
2) in the frequency range from 2 × 10−1 s−1 to 1.5 × 103

−1, considering τd = 1. The calculated values are shown in
able 1.

The exact value of the impedance, calculated from Eq. (2),
nd the approximated value, obtained from Eq. (8) using the
ig. 3. Warburg impedance calculated from Eq. (2) (—) and Eq. (8) (×). Abso-
ute error.
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Table 2
Estimated parameters

Parameter Description Unit

Cdl Double layer capacitance F
Rd Diffusion resistance �
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p Charge transfer resistance �

d Diffusion-related time constant s

m Membrane resistance �

.4. Modelling of the PEMFC impedance

The cell impedance (Zcell), calculated from the circuit shown
n Fig. 2, is the following:

cell(s) = as2 + bs + c

ds3 + es2 + fs + g
(9)

here the parameters a, b, c, d, e, f and g can be calculated from
he following expressions:

= 9.76 × 10−4Rpτ
2
d (10)

= 0.304Rpτd + 3.38 × 10−2Rdτd (11)

= Rp + 0.949Rd (12)

= 9.76 × 10−4CdlRpτ
2
d (13)

= 3.37 × 10−2CdlRdτd + 0.3048CdlRpτd + 9.76 × 10−4τ2
d

(14)

= CdlRp + 0.3048τd + 0.949CdlRd (15)

= 1 (16)

he cell impedance described by Eq. (9) depends on the follow-
ng four physical parameters: Cdl, Rd, Rp and τd. As it will be
iscussed later, the value of these parameters can be estimated
rom the cell response after CI. The estimated parameters are
isted in Table 2.

.5. PEMFC response after CI

The simplified model of the Warburg impedance proposed in
ection 3.3 has been used (in Section 3.4) to obtain an analytical
xpression of the cell impedance. Now, this analytical expres-

ion of the cell impedance will be used to obtain an analytical
xpression for the PEMFC voltage response after CI.

The equivalent circuit of the CI experimental set-up is shown
n Fig. 4a. The load impedance is Rload. The cell impedance

ig. 4. CI experimental set-up: (a) equivalent circuit and (b) dc impedance (ZT).
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Zcell) is calculated from Eq. (9). As the cell impedance has
nly real poles, the cell response after CI is equal to the cell
esponse after a current impulse at t = 0 (see Section 3.7):

(t) = I0δ(t) (17)

here δ(t) is the Dirac delta, and I0 is the steady-state value of
he current at t = 0−. It is calculated as follows:

0 = Vcell(t = 0−)

ZT(t = 0−)
(18)

here ZT is the dc impedance of the circuit shown in Fig. 4a.
he equivalent circuit of the impedance ZT is represented in
ig. 4b.

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

cell(s) = Voc − Zcell(s)I(s) (19)

The time-domain expression of the cell impedance proposed
n Section 3.4 is the following:

−1[Zcell(s)] = Rmδ(t) +
3∑

i=1

(
ar2

i + bri + c

3dr2
i + 2eri + f

)
e−rit (20)

here r1, r2 and r3 are the three roots of the polynomial ds3 +
s2 + fs + g.

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

cell(t) = Voc − I0(
Rm

1

σ
√

2π
e−t2/2σ2 + α1 e−r1t + α2 e−r2t + α3 e−r3t

)
(21)

here

i = ar2
i + bri + c

3dr2
i + 2eri + f

for i = 1, 2, 3 (22)

nd also, it must be satisfied:
∞

−∞
1

σ
√

2π
e−t2/2σ2

dt = 1 (23)

he parameter σ can be estimated from the CI experimental data
s follows. The CI experimental data allow estimating the over-
oltage due to the membrane resistance [30,21]. It corresponds
o the abrupt rising of the voltage, from V0 to Vs, at time t = 0+
see Fig. 5). V0 is the initial voltage, and Vs is the voltage at
= 0+. Both can be estimated from the CI experimental data.
hen, the membrane resistance (Rm) can be calculated from the

ollowing expression:

s − V0 = I0Rm (24)

Finally, the dynamic response of the cell voltage can be cal-

ulated, for t > 0+ (i.e., for Vcell > Vs), from the following
xpression:

cell(t) = Voc − Vs − I0(α1 e−r1t + α2 e−r2t + α3 e−r3t) (25)
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Fig. 5. Estimation of over-voltage due to membrane resistance.

here Voc is the steady-state, open-circuit voltage of the PEMFC
see Fig. 5).

In order to illustrate the dynamic behavior of the simplified
ell model shown in Fig. 2, the cell voltage after CI (calculated
rom Eq. (25)) and the impedance spectra are plotted in Fig. 6
or selected values of the parameters Cdl, Rd, Rp and τd.

.6. Model parameter estimation from CI data

The voltage after CI of the cell represented by Eq. (9) is
escribed by Eq. (25). The αi coefficients depend on the roots
i and on the parameters a, b, c, d, e and f (see Eq. (22)). These
arameters depend on the physical parameters Cdl, Rd, Rp and
d (see Eqs. (10)–(15)). As a consequence, Vcell(t) is a function
f r1, r2, r3, Cdl, Rd, Rp and τd.

The analytical expression of Vcell(t) as a function of
1, r2, r3, Cdl, Rd, Rp and τd is obtained by symbolic manipula-
ion of Eqs. (25), (22), and (10)–(15). Finally, in order to estimate

he value of these seven parameters (i.e., r1, r2, r3, Cdl, Rd, Rp
nd τd), this analytical expression of Vcell(t) can be fit-
ed to the experimental data of the cell voltage after CI
for Vcell > Vs).

t

ig. 6. Simulated cell voltage after CI and impedance spectra for selected paramet

d ={1 s (—), baseline (– –), 0.2 s (· · · ), 0.1 s (– · –)}; (b) Cdl ={baseline (—), 0.5 F
· · · ), 1 m� (– · –)}; and (d) Rp ={20 m� (—), 10 m� (– –), baseline (· · · ), 1 m� (–
Fig. 7. Input signals: (a) interruption step and (b) unit impulse.

The procedure described in this section allows estimating the
alue of the parameters Rm, Cdl, Rd, Rp and τd. These parame-
ers completely define the simplified model of the fuel cell shown
n Fig. 2.

.7. Interruption step and impulse responses

Consider a plant transfer function described by Eq. (26). It
ill be demonstrated that the plant response to the following two

nput signals is the same: an interruption step and a unit impulse
see Fig. 7):

(s) =
∑

i

ki

1 + kiτis
where ki, τi ∈ � and ki, τi > 0 (26)

The plant response to the interruption step can be calculated
y subtracting the response to a unit step, u(t), from that to
(t) = 1 (i.e., the interruption step can be written as 1 − u(t)).

The plant response to a unit step is the following:

−1
[
F (s)

1

s

]
= L−1

[∑
i

ki

s(1 + kiτis)

]
=
∑

i

ki(1 − e−t/kiτi )

(27)

The plant response to f (t) = 1 is equal to the plant steady-
tate response to a unit step:
lim→∞

{
L−1

[
F (s)

1

s

]}
= lim

s→0

{
sF (s)

1

s

}
= lim

s→0
{F (s)} =

∑
i

ki

(28)

er values. Baseline: τd = 0.5 s, Cdl = 0.1 F, Rd = 6 m� and Rp = 4 m�. (a)
(– –), 0.2 F (· · · ), 0.1 F (– · –)}; (c) Rd ={20 m� (—), 10 m� (– –), baseline

· –)}.
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Fig. 8. Overall experiment results: (a) cell voltag

Therefore, the plant response to an interruption step can be
alculated by substracting Eq. (27) from Eq. (28):

i

ki −
∑

i

ki(1 − e−t/kiτi ) =
∑

i

ki e−t/kiτi (29)

On the other hand, the plant response to a unit impulse is the
ollowing:

−1[F (s)] = L−1

[∑
i

ki

1 + kiτis

]
=
∑

i

ki e−t/kiτi (30)

s Eq. (30) is equal to Eq. (29), the plant described by Eq.
26) has the same response to an interruption step than to a unit
mpulse.

.8. Amount of water in the fuel cell

The amount of water (�χH2O) generated by electrochemi-
al reaction in the fuel cell during the time period Tm can be
alculated from Eq. (31) [31]. The cell current (Iins), which
s supposed constant during that time period, can be calcu-
ated from the cell voltage and the load resistance (see Eq.
32)):

χH2O = CeMH2OTm

SaNAn
Iins (31)

V

ins = ins

Rload
(32)

fter N time intervals, the total amount of water in the cell,
χH2O)N , can be calculated from Eq. (33), where (χH2O)0 is the

t
a
c

ig. 9. Results from selected CI runs: (a) measured and fitted cell voltages obtained f
◦), 10th (×) and 12th (•) CI runs.
(b) cell current and estimated amount of water.

nitial amount water in the cell:

χH2O)N = (χH2O)0 +
N∑

i=1

(�χH2O)i (33)

. Results and discussion

Cathode flooding and drying have a relevant effect on the cell
erformance. In order to study the effect of the cathode flooding
n the cell model parameters, the parameter estimation method-
logy proposed in Section 3.6 can be repeatedly applied during
he flooding process. The experimental set-up was described
n Section 2. The data obtained from each CI experiment run,
orresponding to a given cathode flooding level, is used to
stimate the parameters of the cell electric model shown in
ig. 2.

The time evolution of the cell voltage and current are plotted
n Fig. 8a and b, respectively. The voltage and current decrease
s time passes, due to the cathode flooding.

As the cathode and the anode exhausts are closed, all the water
roduced by the electrochemical reaction is accumulated inside
he cell. This can be used to estimate the water accumulated
nside the cell (χH2O). The initial mass of liquid water inside
he cell is zero. Also, the initial cell temperature is low enough
o consider that the amount of water in gas phase is negligible.
he method used to estimate the water generated in the cell
as discussed in Section 3.8. The time evolution of the water

ccumulated inside the cell is plotted in Fig. 8b.

Several CI runs are performed for different flooding condi-

ions. The measured and fitted cell voltages for the 8th, 10th
nd 12th CI runs are shown in Fig. 9a. The corresponding
ircuit models are calculated by applying the proposed method-

rom 8th, 10th and 12th CI runs; and (b) impedance spectra calculated from 8th
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Table 3
PEMFC model parameters calculated for selected CI runs

CI run Cdl (F) Rd (m�) Rp (m�) τd (s) Rm (m�) χH2O (g cm−2) SSE

3rd 1.006 4.63 0.50 0.271 14.6 0.037 0.68 ×10−2

7th 0.998 5.21 1.59 0.406 13.8 0.112 0.72 ×10−2

8th 0.994 5.62 2.01 0.463 13.9 0.120 1.01 ×10−2

9th 0.991 5.80 3.88 0.551 10.4 0.129 1.78 ×10−2

10th 0.989 6.35 5.30 0.779 13.9 0.141 1.03 ×10−2

11th 0.986 8.47 5.54 0.821 12.4 0.150 1.63 ×10−2

12th 0.984 10.8 5.71 0.874 14.6 0.167 1.06 ×10−2

13th 0.973 18.0 6.20 0.
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[
[
[
[
[

[

[

[
[

[

[

[

[

[

ig. 10. Diffusion resistance (Rd) vs. accumulated amount of water (χH2O).
alculated (×), fitted third-order polynomial (– –).

logy, and they are used to obtain the impedance spectra, which
re plotted in Fig. 9b. As expected [16,32], the width of the
mpedance arcs increases as a result of the cell flooding.

The model parameters calculated from the data of some CI
uns, using the Matlab curve fitting toolbox, are shown in Table 3.
he parameter SSE is the sum of the quadratic error of the curve
tting.

Note that τd, Rd, Rp and Cdl depend on the amount of water
ccumulated inside the cell (χH2O). In particular, the diffusion
esistance (Rd) depends on the diffusion media coefficient and
he oxygen concentration on the active surface (see Eq. (3)).
he relationship between Rd and χH2O is plotted in Fig.. The
oints calculated from the 7th, 8th, 9th, 10th, 11th, 12th and
3th CI runs are represented by the symbol ×. The third-order
olynomial fitted to these points is the following:

d = 25χ3
H2O − 8.3χ2

H2O + 0.96χH2O − 0.033 (34)

. Conclusions

A PEMFC circuit model, well suited for control applications,
nd a methodology for model parameter estimation from CI
ata, have been proposed. A key advantage of this approach

s that the equipment required to perform the CI tests is easily
ortable and inexpensive. As a consequence, it can be imple-
ented in cell commercial systems for in-field assessment of

he cell. The proposed modelling methodology has been suc-
essfully applied to the study of the cathode flooding pheno-
enon.
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