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Abstract

In this paper a method for estimating the fuel cell impedance is presented, namely the current pulse injection (CPI) method, which
is well suited for online implementation. This method estimates the fuel cell impedance and unlike electrochemical impedance
spectroscopy (EIS), it is simple to implement at a low cost. This makes it appealing as a characterization method for on-line
diagnostic algorithms. In this work a parameter estimation method for estimation of equivalent electrical circuit (EEC) parameters,
which is suited for on-line use is proposed. Tests on a 10 cell high temperature PEM fuel cell show that the method yields consistent
results in estimating EEC parameters for different current pulse at different current loads, with a low variance. A comparison with
EIS shows that despite its simplicity the response of CPI can reproduce well the impedance response of the high and intermediate

frequencies.
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Nomenclature
Vee fuel cell voltage
Vec model estimate of fuel cell voltage
Voc open circuit voltage
Irc fuel cell DC current
Icpr current pulse amplitude
Rg resistor
Ry parallel resistance
C parallel capacitance
T sampling time
V4 impedance
{ai,b1,b} model parameters
k current sample
[2 model parameter vector estimate
1) dataset matrix
7 cost function
€ model error
fs sampling frequency
ferr frequency of pulses
a? parameter variance
j complex math operator
@ signal phase
w sinusoidal angular frequency
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1. Introduction

In recent years, the environmental effect of the rising tem-
peratures around the world, has been gaining attention from
politicians. The consequences of climate change are being more
widely accepted in the general public, and the approval of re-
newable energy sources is increasing. With more fluctuating
renewable energy sources providing power for the electrical
grid, new storage solutions that can balance the grid are nec-
essary [1]]. Hydrogen produced from water electrolysis using
renewable electricity can be a viable option as an energy car-
rier, which among other things can be used in fuel cells both for
stationary and mobile power generation.

The Department of Energy (DoE) in USA, has set a target
for fuel cell price and durability for stationary and transport
applications. For fuel cells to be competitive the lifetime of a
fuel cell must exceed 5000 hours for transport applications and
40000 for stationary applications [2]. During the last decade
the durability of fuel cells has improved significantly, due to ex-
tensive research in the field and experiences from the industry.
However, the lifetime span is still has not reached the targets
yet.

For improving the durability of advanced systems such as
fuel cells, it is crucial that a proper online diagnostic system
is deployed [3]. Such a system could detect faults early, and
through a mitigation strategy change the system settings and
prevent rapid degradation of the fuel cell stack. Furthermore, a
well-designed diagnostic system, could be a part of a prognos-
tics system, which could predict component failure to manage
service of the fuel cell system, thus reducing the down time of
the systems.

When dealing with diagnostics of fuel cells, the majority of
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Figure 1: Flow chart of most available model based methods for fuel cell fault
detection.

methods available in the literature treats the topic of fault detec-
tion in three parts, as shown in Figure[I] [4, [5]. In many studies
the fuel cell fault detection is done by detecting a change in the
parameters of an equivalent electrical circuit (EEC) model of
the fuel cell’s dynamic voltage behavior. The most used tech-
nique for obtaining EECs model is electrochemical impedance
spectroscopy (EIS) [6L[7], with current interruption (CI) method
also used to some extent [8, 9]. The former yields the full
impedance response and the latter primarily yields a simpler
response and often only the ohmic resistance is extracted.

An alternative method for estimating the impedance of an
electrochemical device is the Current Pulse Injection (CPI)
method. This method is widely used in the battery commu-
nity, for estimating the state of charge and the state of health
[10L [11) 112} [13]. The CPI characterization method works by
drawing a small current pulse from the electrochemical device,
and then measuring the corresponding transient voltage. By us-
ing the current as input and the fuel cell stack voltage as output,
an input/output parameter estimation methods can be utilized
for estimate the parameters of a EEC model.

In the fuel cell community, different papers have focused on
the transient voltage during current steps as a method for fuel
cell characterization [[14}[15,[16,[17}[18]], but not as a diagnostics
tool for fuel cells. In [[19], small current pulses have been used
for estimating EEC model parameters. In another paper, the
CPI method was treated in relation to diagnostics of PEM fuel
cells, however with a limited access to experimental data and
a parameter estimation method not suited for online fuel cell *
diagnostics [20].

In this work, the CPI method will be used for impedance
characterization of a fuel cell short stack, and EEC model pa-
rameter estimation method suited for online deployment are
suggested. Furthermore, the CPI method performance is com- ®
pared to the electrochemical impedance spectroscopy charac-
terization method.

2. Methodology %

In section presents the current pulse injection method and
the implementation. Furthermore, a parameter estimation algo-
rithm for estimation of EEC model parameters is presented. In
the end of the section, the experimental setup will be explained. *

2.1. Current Pulse Injection method

Current Pulse Injection (CPI) method is an alternative fuel
cell characterization method that utilizes small current pulses inioo
the form of an extra drawn current step in a small period of time.
Based on the corresponding transient voltage time signals, the

Before current pulse
/ Slow rise to SS

FC Voltage

Time
Figure 2: Conceptual drawing of transient voltage durring a small current step.
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Figure 3: Electrical implementation of the current pulse injection characteriza-
tion method.

fuel cell impedance can be estimated, by standard available sys-
tem identification methods. A conceptual voltage profile of a
fuel cell voltage is shown in Figure 2] during a small current
step. The EEC model estimated based on the CPI method is
in general simpler than what can be observed by EIS measure-
ments, but for some diagnostic purposes this technique could
be proven sufficient.

The EIS and CPI characterization methods can be conducted
in-situ contrary to the CI method, as for the CI method the load
must completely be discontinued.

The EIS method is very expensive on lab scale, and even
though there are European projects, such as the D-code project
(FCH JU, grant No 256673), working on implementing the EIS
measurement on an onboard DC-DC converter for fuel cell sys-
tems, it still has strict requirements to the bandwidth of the DC-
DC converter. The idea behind EIS measurements is simple but
will still require a great deal of engineering before it can run on
real life fuel cell systems.

The main advantage of the CPI method is that it can be im-
plemented at relatively low cost. As shown in Figure [3| the
current pulses used for the CPI method can be implemented by
a series resistor and transistor in parallel with the fuel cell ter-
minals. By controlling the transistor with a PWM signal the
small electrical circuit will then draw small current pulses from
the fuel cell, depending on the size of the resistor.
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Figure 4: Conceptual Nyquist plot of the EEC model used for the CPI method.

In order to use CPI method for estimating the impedance of
a fuel cell, a common approach is to use a parameter estima-
tion method to fit the voltage response to an EEC model. Most
fuel cell EEC models utilize a form of the Randles circuit, with
1-3 parallel RC loops. For this work a Randles circuit with
one parallel RC loop is used, giving one semicircle in the com-
plex plane, as shown in Figure[d This is a quite simple circuit,
giving a simple response, and yielding a similar transient re-
sponse as shown in Figure 2} The advantage of such a simple
model is that it has lower fitting times and a more consistent
parameter fitting algorithm performance and parameter space.
Furthermore, as reported in [21]], a more complex model might
yield a better fit to the data, but at the same time becomes more'
sensitive to small variations such as measurement noise, and it
is therefore the recommendation by Vang et al. [21] to use the
less complex EEC models if their accuracy is sufficient for the
application.

150

5

2.1.1. Parameter estimation algorithm

There are many different methods available for parameter
estimation of fuel cell systems, such as EEC models. An ex-
tensive review and collection of these methods are available in
Ljung’s work on system identification [[22].

The most common methods available utilize a model pre-
diction error (€), which is the difference between the mea-
sured value and the output of a model. The parameter estima-
tion method then aims to minimize the prediction error, and
is thereby treated as an optimization problem. For this work
a non-recursive least squares method is applied for estimating
the parameters of the EEC model, shown in Figure [d] The op-
timization problem is solved as a linear regression problem,
where the prediction error is defined as shown in equation [I]
where V. is a column vector of the measured VoltageA of N160
length of dataset used for the parameter estimation, and V. is
a column vector of the model output also of length N.

A

€=Vec—Vre

The model output V¢, which is a mathematical representa-
tion of Vg¢, can be described as the open circuit voltage (Voc)
minus the voltage drop across the EEC model (where s is the
Laplace operator), where Ir¢ is the fuel cell current:

R,

Vec = Voc — Rlpc — ———1
FC oc — Islpe R1C1s+1FC

(2

The model given in equation [2]is not linear due to the Voc
term. Equation E]is therefore linearized, and the terms are col-
lected as one fraction. The linear input / output dynamics for
Vre can thereby be described as the transfer function, where
Icpy is the pulse current:

RsRlCl -85+ (RS +R1)
R Ci-s+1

Vic

Icp;

3

The transfer function given in equation [3] must be converted
to the discrete time domain in order to apply the parameter esti-
mation method to the model, where lower-case z is the z-domain
operator and T is period of time between the samples. The
discretization of the transfer function is necessary, since the pa-
rameter estimation method is to be implemented on a micro
controller. The transfer function in equation 3] will be mapped
into the discrete domain using the bilinear transform (Tustin):

2z-1

T,z+1

“

The transfer function given in equation 3] is converted to the
discrete time domain using equation [}

Vee _biozlth s)
Iepr ar-z7'+1
where:
_ IR +Ry) - 2RsRC, ©)
2R1C1 + TS
ZRSR1C1 + TS(Rl +R5-)
by = 7
: 2R\Cy + T, @
T, —2RC
-8 =~ 8
N =R C+T, ®)

The input / output dynamics for equation [5| can be described
as a difference equation, where k indicates the k™ sample (k €
{1,2,...,N}):

€))

Vick = —a1Vicu-1) + bidrcu-1) + balpck

Based on the above an unknown parameter vector () can be
defined:

(10)
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and a data row vector:

¢ = [_VFC’(/H) Irc -1 IFC,k] (11)
The difference equation (9) can then be expressed as:
Vrck =9, 0 (12)

The entire fuel cell voltage model output (V ..) with length
N, can be described by replacing the data row vector with

the entire dataset matrix (¢ ) in equation where ¢ has the

dimension of N X 3).

In order to formulated the residual prediction error, described
in equation [I] the formulation from above can now be inserted:

€=Vpc—98 (13)
The residual prediction error vector given in [I3] can now

be squared, and minimized as a convex optimization problem,

where the cost function (J(6)) is given as: 190

(14)
15)

195
It can be shown that the solution to the convex optimization
problem given in eq. [I3]is given by [23]:

200

(e .

The estimated parameter vector (Q) can now be converted
back to the continuous EEC model parameters, by solving equa-

tions|6}8] for the parameters Ry, C; and R;: 205
2a1b, — 2b

R, = % (17)

aj—1

Tya2 —2Tsay + T 210

C =—! : : 18

! 4b1 - 4(111)2 ( )

by-b

Ry=——2 (19)
ay — 1

2.2. Experimental

To verify the CPI method, experiments have been conducted
on a 10 cell SerEnergy high temperature PEM fuel cell short
stack. The method can also be used for other sizes of fuel cells
stacks, however this stack was available at the start of the exper-
iment. For an increasing number of cells, the signal to noise ra-
tio will be improved, but the method should be applicable from
single cell to full stack. The stack was operated in a GreenLight
Innovation test stand, with an external cooling cart for oil cir-
culation. The stack consisted of 10 cells based on SerEnergy

Figure 5: The 10 cell HT-PEM fuel cell stack, used for the experimental work.

MEAs with an active area of 165 cm? and standard flow plates
form a S165L SerEnergy stack.

The short stack is shown in Figure[5] It is heated and cooled
by an external oil circuit at a forward temperature set point of
169 °C. The anode gas consists of dry hydrogen with a sto-
ichiometric of Ay,= 2, and the cathode gas consists of non-
humidified atmospheric air from an air compressor, where the
volume flow is controlled at stoichiometric ratio of A,;,=4. Dur-
ing the current pulses, the H, and air flows are not changed.
This is done due to the fact that the bandwidth of the mass
flow controllers are too slow compared to the frequency of the
current pulses. Furthermore, the anode and cathode stoichio-
metric ratios are high enough to accommodate the extra current
load. The anode and cathode gases are not preheated or pre-
humidified.

The current is drawn from an external TDi RBL-488 elec-
tronic load with a 20 kHz bandwidth, which is controlled by
a NI cRIO-9033 with a NI-9263 voltage output module. The
internal data logging system in the GreenLight Innovation test
stand is too slow for the purpose of this work, and therefore,
cRIO is also utilized for data logging of the current and voltage.
For voltage input a NI-9223 module was used for simultaneous
measurements, with a sampling frequency of Vpc and Ig¢c of
fs=100 kHz. The sampling frequency is chosen high to make
sure all dynamics are captured, and could be chosen lower for
real life applications, however, this would require further inves-
tigation.

In order to compare the CPI method to the full impedance
spectrum, EIS measurements were conducted in a galvanostatic
mode using a Gamry reference 3000 potentiostat. The EIS mea-
surements are performed at a starting frequency of 10 kHz and
a final frequency of 0.1 Hz, with 10 points per decade. The
AC perturbation current was fixed to 7.5 % of the DC value of
the load current. The complex impedance function is given in

equation 20}

_ Vyelwi=#) B Voe ¢
lpe=Je Iy

= Zop(cosp — jsingp) (20)



215

220

225

230

235

The impedance spectra are often interpreted by quantifying
macroscopic fuel cell parameters using EEC model fits. There-
fore, it is important to understand the general behavior of the
analyzed fuel cell for the EEC model selection. In this work
since the same model had to be used for fair comparison be-
tween the CPI method and the EIS method a simple EEC model
as shown in Figure [4] was chosen. The impedance of and ideal
resistor and capacitor can be calculated as follows:

Zgr =R
1

Ze= ——
€7 C(jw)

21

(22)

3. Results and discussion

The CPI characterization method is demonstrated below
based on the experimental data, and EEC model parameters
were fitted using the method described in section[2.1.1]

3.1. Experimental data

During the test of the CPI method, the fuel cell stack was
tested at the following DC levels:

irc ={0.2,0.3,0.4} Acm™

240
which correspond to 32 A, 48 A and 64 A, respectively, for this
size of fuel cell stack.

For testing the CPI characterization method, different ampli-
tudes are tested to identify the effect of different current pulse245
amplitudes on the transient behavior. The amplitudes of the in-
jected current pulses are:

Icpr =1{1,2,3,4,5} A

As an initial experiment the CPI method was tested at differ-**°
ent pulse frequencies. Figure [6] shows the data from an initial
experiment, where the CPI method was tested at the following
frequencies:

fcp[ = {100, 10, 1,01} Hz

It can be seen that at 100 and 10 Hz, the transient over poten-zss
tial is not fully developed. These frequencies are therefore not
suited for this method, since the parameter estimation method
descried in section[2.1] of this paper yields the best and most ac-
curate performance if the transient voltage is fully developed.
The time series data shown in Figure[6|are conducted with cur-zs0
rent pulses of 1 A, and the transient voltage behavior at differ-
ent frequencies is representative for the remaining current pulse
amplitudes.

For the frequencies 1 and 0.1 Hz, it can be seen that the tran-
sient voltage response is fully developed, as can be illustratedzes
from the example of two pulses at 1 Hz with a duty cycle of 0.5
shown in Figure[7} These two frequencies can therefore be used
for the parameter estimation of the electrical equivalent circuit.
It can also be seen that in Figure [7)that the frequency could not
e.g. be 2 Hz, since the period of steady state voltage level afterzno

5

Measurement [A]
Set point [A]

33

325

Current [A]

32

315

6.36 I I I I I I
0 10 20 30 40 50 60 70

Time [s]

Figure 6: Time series of small current steps for the 1 A amplitude experiment,
at different frequencies (fcp; = {100, 10, 1,0.1} Hz).

the transient period would be cut off. It can also be seen in Fig-
ure [7] that the time the voltage is steady state is as long as the
transient period during the pulses.

When inspecting the 0.1 Hz data in Figure [f] it can be seen
that the transient voltage is fully developed to a steady state
level. At this frequency, the voltage is at steady state for the
majority of the pulse time. This data could also be used for
the parameter estimation, but the time required for one char-
acterization experiment is 10 times longer than the 1 Hz data
set. This is not a problem, when temperatures and operational
parameters are constant during the characterization experiment,
but by choosing the 1 Hz current pulses this uncertainty is elim-
inated. The 1 Hz current pulses seems to be a good trade-off,
and are chosen for the parameter estimation.

3.2. CPI EEC model parameter estimation at different current
pulse amplitudes

The CPI characterization method was tested based on the ex-
perimental data, at the two different DC current loads and at
five different current pulse amplitudes.

In Figure[§]a typical dataset of two 1 A pulses, at a DC cur-
rent density of 0.2 Acm~2 can be seen. The red dots are mea-
sured voltage data, and the blue line is the EEC model fit, where
the EEC model parameters are estimated using the parameter
estimation method described in section 2.1.1] The voltage re-
sponse has been superpositioned by subtracting the DC value of
the fuel cell voltage and by projecting the voltage signal into the
positive plane. This is done in order to have a linear response,
as described in section[2.1.1]and shown in Figure[§]

The time series window, where the parameters estimation
was conducted is 2.1 s. It was kept constant for all the CPI
tests to ensure comparability between them, meaning that two
pulses at 1 Hz and a duty cycle of 0.5 are used for all CPI tests.
The EEC model parameter estimation could also be done with
different number of pulses, however two pulses were chosen as
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Figure 7: Selected time series data of two current pulses at 1 Hz (duty cy-
cle=0.5), with 1 A current amplitude.

a trade-off between sufficient data and low enough time span of
the experiment.

In Figure[§] it can be seen that some noise is present. How-
ever, this noise is Gaussian, and can be considered as normal
measurement noise, with a low amplitude of approximately 2
mV. The noise could be filtered, but this would change the am-
plitude of the abrupt voltage jump caused by the fuel cell stackso
series resistance. Furthermore, the signal to noise ratio is suffi-
ciently low for the EEC model parameter estimation.

The blue model fit shown in Figure [§]is representative of the
abrupt change of 17.5 mV, in the fuel cell stack voltage caused
by the fuel cell stack series resistance. Hereafter, the voltage®”®
rise to 40 mV during a transient period. The first half of the
transient voltage period shows a good fit to the model, but the
second half of the transient period is slightly off. However, this
EEC model fit is, as stated in section[2.1.1] the optimal solution
to the parameter estimation problem. A more complex EEC
model could yield a better model fit for the second half of the
transient period, but this would require more fitting time and the
authors found the solution to the parameter estimation problem
of more complex EEC models to be unstable in some cases.
Moreover, the sum of the resistances of the EEC model would®"
be constant, independent of the EEC model structure.

In Tables and 3] are shown the results of the EEC model
parameter estimation of the CPI characterization experiments at
0.2 Acm~2,0.3 Acm~2 and 0.4 Acm™2, respectively.

Throughout all the three DC current loads, all the EEC model
parameters are consistent with low parameter variance (o).
The variance of the parameters can be seen in the right col-
umn of the Tables and[3] The parameter variance is espe-
cially important when the measurement method is being used
for fault detection, since a low variance can withhold a more3s
aggressive threshold between faulty and non-faulty operation
with relatively low probability of false alarm. The parameter

310
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Figure 8: Selected time series data of 1 Hz (duty cycle=0.5) pulses, including
the simple R-RC EEC model, at a I A current pulse amplitude.

variance is calculated as:

I~ _

2 2
0-__§ 6, -0
N—ll,:l( )

where 6; is the parameter R, R; or Cy, N is 5 since the variance
is calculated for five different current pulse amplitudes and 6 is
the arithmetic mean value of the parameter at different current
pulse amplitudes.

In tables [T} 2] and 3] it can be seen that R; decreases with
increase in current density. This is a common occurrence also
in EIS measurements, where the spectrum spreads out with a
decrease in DC current [24) 25]. This is in good agreement
with the literature, and a proof that the suggested method can
give similar results as can be obtained using the EIS method.

The value of the EEC model parameters are independent of
the current pulse amplitude, between 1 — 5 A, which is the range
of testing in this work. This is an advantage when the char-
acterization method is physically implemented as suggested in
Figure [3] The amplitude of the pulse will depend on the fuel
cell voltage, which changes according to the polarization curve,
which at its time changes with degradation. The amplitude of
the current pulse will therefore be smaller at higher fuel cell
stack load currents compared to the current pulse amplitude at
lower load. It is important that the size of the resistor Rcpy is
chosen small enough to accommodate sufficient signal to noise
ratio. However, smaller current pulse amplitude also means a
larger energy usage and the size of the current pulse should be
limited in such a way that the anode and cathode stoichiometric
ratios do not change, since these will affect the transient behav-
ior of the fuel cell voltage, and thereby change the EEC model
parameters. A constant flow of the anode and cathode gasses,
will also ease the implementation of the method.

(23)

3.3. Comparison between CPI and EIS EEC model parameters

To validate the EEC model parameters identified using the
CPI fuel cell characterization method, EIS measurements are
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Table 1: Estimated EEC parameters for using the current pulse injection method
at 0.2 Acm~2 DC fuel cell output current for 5 current pulse amplitudes.

1A[2A[3A[4A[5A] o
R, [mQ] | 16,5 | 16.6 | 16.6 | 16.0 | 16.3 | 0.06
R, [mQ] | 22.8 | 22.6 | 22.5 | 229 | 224 | 0.04
C, [F] 1.05 | 1.06 | 1.1 | 1.01 | 1.06 | 0.001

Table 2: Estimated EEC parameters for using the current pulse injection method
at 0.3 Acm™2 DC fuel cell output current for 5 current pulse amplitudes.

1A[2A[3A|4A|5A| o
R, [mQ] | 154 | 152 | 157 | 154 | 15.8 | 0.06
R, [mQ] | 179 | 17.6 | 174 | 174 | 17.5 0.04
C, [F] 1.08 | 1.11 | 1.13 | 1.12 | 1.13 | 0.0004

Table 3: Estimated EEC parameters for using the current pulse injection method
at 0.4 Acm~2 DC fuel cell output current for 5 current pulse amplitudes.

TA[2A[3A[4A[5A] o7
R, [mQ] | 152 | 150 | 15.1 | 15.1 | 149 | 0.01
R, [mQ] | 156 | 163 | 15.6 | 15.7 | 15.8 | 0.08
C, [F] 1.16 | 1.21 | 1.17 | 1.19 | 1.15 | 0.0006

conducted at each current load set point.

As it is known the low frequency part of the impedance spec-
tra is related to the mass transport and the gas channel geometry
[25]. The low frequency part of the measured impedance spec-zes
trum is therefore not represented in the impedance spectrum re-
assembled by the CPI EEC model parameters [26], 27, 28} 29]].
When fitting EEC model parameters to the EIS data set, only the
high and intermediate frequency points were considered. The
experimental fuel cell EIS data in Figure@] shows a clear bound-;;,
ary between the intermediate and low frequency data points in
the range between the 10 and 1 Hz frequency markers, at around
2 Hz. Therefore, the fitting of the EIS EEC model parameters
includes only data points above 2 Hz.

The fitting algorithm used for fitting the EIS EEC model pa-s7s
rameters is a home made algorithm that utilizes a least square
objective function and a Differential evolution optimization al-
gorithm. The EIS fitted EEC model has been plotted using the
entire frequency span (from 10k — 0.1 Hz) in order to show
the low frequency intersection with the real axis on the Nyquistas
plot, as can be seen in Figure 9}

In Figure 0] an example of a model fit of the EIS data set can
be seen. A more accurate model fit could have been accom-
plished using a constant phase element instead of the capacitor
in the RC loop. However, since the EIS fitted EEC model pa-
rameters are to be compared to the CPI EEC model parameters,

a capacitor has been used. The EEC model fitted to the EIS
data, is the same model as used for the CPI method, and assss
illustrated on figure

Since the same EEC model is fitted to both methods for com-
parison, the percentage deviations of the CPI EEC parameters
from those of EIS EEC parameters is given in tables ] [5] and
[6] to show the validity of the CPI method compared to an es-ss
tablished method, as EIS. At 0.2 and 0.3 Acm~2 the difference
between the CPI and the EIS fitted EEC model resistances are
low, with 2.3 % difference for R, at 0.2 Acm™2 compared to the

-0.02

-0.015 -

-0.01

-0.005 -

Re(Z) [

0.005 =

0.01 X data used for fitting

« data excluded for fitting

modelgrc: r-re

I I I I I I I |
0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055
Im(2) []

Figure 9: Simple R-RC EEC model fitted to high and intermediate frequen-
cies. EIS data collected at 0.2 Acm™2 load current density. The black markers
indicate the frequency decades {10k, 1k, 100, 10, 1, 0.1} Hz.

EIS fitted R, parameter. The differences between the two are
more pronounced at 0.4 Acm™2, as can be seen in Table@ How-
ever, they are within the same order of magnitude, and it can be
concluded that the CPI characterization method can reproduce
the EIS measurements for high and intermediate frequencies.

The EEC model parameters R, and R; can be used as fea-
tures for fault detection. Examples of faults signatures that
can be based on the series resistance (R;) and the polarization
resistance (R;), can e.g. CO contamination of the anode gas
where an increase of polarization resistance can be observed
[25 1305 1311 132]], for both low and high temperature PEM fuel
cells. For both flooding and drying an increase in both the se-
ries resistance, polarization resistance and the mass transport
resistance is reported to increase in the literature [33}16}134}[35]].
The CPI impedance characterization method can therefore be
used for detecting water management issues. However, since
the CPI method do not capture the mass transport phenomena,
the method might not be suited for early detecting, or an in-
creased probability if missed fault.

4. Conclusion

In this work an EIS alternative to fuel cell characterization
method has been investigated, namely the current pulse injec-
tion (CPI) characterization method. The proposed technique is
a parameter estimation method for the electrical equivalent cir-
cuit (EEC) model parameters, based on the transient voltage re-
sponse during current pulses, and can be said suitable for online
use.

The method yields consistent EEC model parameter sets at
different current pulse amplitudes, with low variance. The low
variance makes the method attractive in fault detection systems,
as it can minimize the probability of false alarm.
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Table 4: Comparing the estimated EEC parameters using the CPI method and 130
the EIS method at 0.2 Acm™2 DC fuel cell output current.

T1ACPI EIS
R, | 165mQ | 169mQ | 23 %
R, | 228mQ | 23.6mQ | 3.4 %
C,| 105F 099F | 6% "

Table 5: Comparing the estimated EEC parameters using the CPI method and
the EIS method at 0.3 Acm~2 DC fuel cell output current.

1ACPI| EIS 440
R, | 154mQ | 16.5mQ | 6.6 %
R, | 179mQ | 182mQ | 1.6 %
C 1.08 F 0.89 F 19 %

445

Table 6: Comparing the estimated EEC parameters using the CPI method and
the EIS method at 0.4 Acm™2 DC fuel cell output current.

1ACPI| EIS
R, | 152mQ | 167mQ | 9% -
R, | 156mQ | 169mQ | 77 %
Ci| 1I6F | 1.03F | 126%

It can be concluded that the CPI fitted EEC model peurame-455
ters can predict the impedance measurements similarly to the
EIS fitted EEC model parameters, for the high and intermedi-
ate frequencies impedance loops. The EEC model estlmated4
using CPI is generally simpler than what can be observed by
EIS measurements, but could be sufficient for many diagnostics
systems, such as the detection of drying or flooding of a low
temperature PEM fuel cell stack, or it could be used for p01son-
ing detection of CO contamination in the anode gas of a hlgh
temperature PEM fuel cell stack. However, it must be noted that
the dynamic behavior of a low temperature PEM fuel cell is sig-
nificantly faster, and the sampling frequency must therefore be
chosen accordingly.

The characterization method can be implemented physically
using a single resistor and transistor. This makes the solution

attractive for mass deployment in fuel cell system diagnosis.
475
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