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An Online-Applicable Model for Predicting
Health Degradation of PEM Fuel Cells

With Root Cause Analysis
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Abstract—This paper proposes a new prognostic method
for the health state of proton exchange membrane (PEM)
fuel cells. The method is designed to predict the state-of-
health (SOH) of PEMs and provide root cause analysis of
the predicted health degradation. In this method, an equiv-
alent circuit model (ECM) is built to emulate the impedance
spectrum of PEM fuel cells. Because the key degradation
parameters in the ECM cannot be measured in situ, this
method instead estimates the parameters indirectly using
the output voltage. The estimation is based on the linear re-
lationship between the key ECM parameters and the output
voltage. Using the constructed ECM and the estimated pa-
rameters, an impedance spectrum at the current moment is
produced. The historical voltage evolution is then extrapo-
lated using linear and exponential models that represent the
irreversible and reversible phenomena, respectively. The
models are used to predict future ECM parameters and,
eventually, the impedance spectrum at any moment in the
future. Through these steps, the proposed method provides
an online estimation of the current SOH and predicts the
level of future degradation. The primary novel feature of the
proposed method is its ability to diagnose the root causes of
potential degradation using data from nondisruptive online
monitoring.

Index Terms—Equivalent circuit model (ECM), fuel cells,
impedance spectrum, state-of-health (SOH) prediction.

I. INTRODUCTION

FUEL cells are promising candidates for future power gener-
ation because they are environmentally friendly and made

from abundant resources. These advantages have led to the de-
velopment of efficient fuel cells for possible uses in a variety of
engineered systems, such as hybrid vehicles, aircraft, and smart
grids [1]–[5]. However, commercialization of fuel cells remains
a future prospect, rather than current reality, due to safety con-
cerns. These concerns continue to delay widespread adoption of
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fuel cells in the field. Fuel cells are subject to degradation under
normal operating conditions; however, excessive degradation of
fuel cell components can trigger an explosion. Thus, accurate
evaluation of the state of health (SOH) of fuel cells is neces-
sary to enable condition-based maintenance to prevent eventual
catastrophic failure.

Many researchers have attempted to develop an efficient
method for estimating the health condition of fuel cells [6]–[10].
Most methods rely on machine learning techniques. Li et al. [6]
showed a data-driven diagnosis method for proton exchange
membrane (PEM) fuel cells that defines the relevant features
and trains the classifier through the use of labeled data. A simi-
lar concept is also found in [11]. Other researchers showed that
the model-based approaches use the voltage as a key feature for
determining the degradation of fuel cells and developed black
box models. For example, Marra et al. [7] used a neural net-
work to estimate the voltage degradation in a solid oxide fuel
cell. Silva et al. [8] improved the accuracy in estimating the volt-
age degradation through adaptive neuro-fuzzy inference. Jouin
et al. [9] applied the particle filtering method to estimate the volt-
age degradation. Although voltage is often used to indicate the
health condition of fuel cells, it only indicates the overall SOH of
the entire fuel cell. In practice, performance degradation of each
fuel cell component leads to degradation in the overall perfor-
mance of a fuel cell system. Thus, while voltage reflects overall
performance, it cannot distinguish the contributions of individ-
ual component from the overall degradation. There are other
recently developed data-driven and model-based approaches
available. For example, efficient real-time fault-tolerant control
approaches [12], [13] and co-training method are developed for
the data-driven method. Also, model-based methods are found
in [14]–[17]. However, they are not yet applied to the fuel cell.

The impedance spectrum approach has received significant
attention as an alternate way to diagnose fuel cell health. An
impedance spectrum plot for fuel cells not only provides spe-
cific fault modes, but also indicates the contribution of individual
components. A change of the impedance spectra corresponds to
the degradation of a particular component of the fuel cell. This
unique characteristic can potentially be exploited for fuel cell
diagnosis [10], [18]. To this end, various equivalent circuit mod-
els (ECM) have been developed to aid in proper interpretation
of the impedance spectrum [19]–[22]. However, obtaining an
impedance spectrum plot through electrochemical impedance
spectroscopy (EIS) requires stationary operating conditions and
significant measurement time. Therefore, EIS is not practical
for online use in real-world applications.
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More recently, broadband current interruption techniques
have been developed to overcome the limitations of the tradi-
tional EIS techniques. These methods impose current interrupt-
ing waveforms on the operating current, such as pseudo-random
binary sequence, multisine signals, and optimized broadband
signals [23]–[25]. These methods estimate the impedance spec-
trum by analyzing the response of the voltage to the interrupt-
ing current. The methods reduce the measurement time and
extract information similar to that found through EIS measure-
ments. However, these methods still require specialized equip-
ment, such as impedance analyzers. Moreover, when current
interruption methods are used in practical settings, repeated
measurements are needed to increase accuracy [25]–[27]. This
requirement limits the usefulness of these methods since, during
the measurement activity, the superposition of multiple wave-
forms interrupts the operation of the fuel cell [23].

In this paper, we propose an ECM approach that can di-
agnose a fuel cell’s current SOH and predict its future SOH.
In our method, the impedance spectrum is modeled using an
ECM approach. To demonstrate our method, two PEM fuel cell
stacks were tested under stationary current and rippled-current
conditions, while maintaining other conditions constant. We
estimated and predicted the ECM parameters of the stacks at
particular times using the online-measurable voltage. Our pro-
posed method allows determination of the impedance spectrum
in real time or at any desired time, without any extra equipment.
In addition, changes in the ECM parameters—estimated using
the physical quantity—enable the method to be used to indicate
the physical root causes of the health degradation observed.

The rest of this paper is organized as follows. The exper-
imental setup and data acquisition method are described in
Section II. In Section III, the ECM is described as our pro-
posed way to model the impedance spectra. Section IV explains
the method for estimation of ECM parameters in conjunction
with the construction of the impedance spectra. The estimated
parameters are then interpreted to represent the physical degra-
dation inside the fuel cell. For the purpose of SOH predic-
tion, however, the voltage cannot be measured; instead, it must
be predicted. The voltage prediction procedure is described in
Section V. Finally, Section VI provides the results of the sug-
gested algorithm and a concluding discussion.

II. EXPERIMENTAL SETUP

In Section II-A, the principles of the fuel cell that includes
the structure, working principles, and the causes and effects of
degradation are briefly explained. Section II-B describes ex-
periments that were conducted to understand the degradation
behavior and to set up the proposed health diagnostic strategy.

A. Principles of PEM Fuel Cells

The basic structure of a PEM fuel cell contains an anode, a
cathode, and electrolyte. Hydrogen is supplied from the anode
side. It reacts with the oxygen coming from the cathode side,
and, as a result, makes water. This overall reaction is made up

of two reactions

H2 → 2H+ + 2e−

1
2
O2 + 2H+ + 2e− → H2O.

The first reaction, separation of a hydrogen molecule into
hydrogen ions and electrons, occurs at the interface between
the anode and the electrolyte. The hydrogen ions then move
to the cathode through the electrolyte to complete the reaction.
Since the electrolyte only allows the ions to pass, the electrons
transfer through an external wire and provide energy to the load
on the way to the cathode. This process continues as long as the
hydrogen fuel supply remains. Most fuel cells use the same or a
similar working process; they are differentiated by their choice
of electrolyte. The PEM fuel cells used in this research contain
a polymer membrane that provides high power density at a low
operating temperature.

Each individual component of a PEM fuel cell degrades dur-
ing operation. The degradation rate slows down during particular
working steps, such as during the transportation of the reactants
and during charge transfers. It also varies based on the rate of
the electrochemical reactions. The variation in fuel cells’ degra-
dation rates is due to the varied rates of the degradation of each
individual component in the fuel cell: membrane, catalyst layer,
gas diffusion layer, and bipolar plates [28]. The membrane can
undergo mechanical, thermal, and electrochemical degradation.
Nonuniform stresses during the assembly or cycling hydration
induce mechanical stress on the membrane. Reactant crossover
via pinholes and/or perforations increases operating tempera-
ture, which in turn decomposes the membrane. Also, the rad-
icals generated by the undesirable side reaction diminish the
membrane. In the electrocatalyst layer, the detachment, disso-
lution of the catalyst, and growth in the catalyst particle reduce
the catalytic area and, thus, reduce catalyst activity [29]. Also,
corrosion can occur in the gas diffusion layer and on the bipolar
plates. Degradation of individual components, of course, occurs
in a combined manner. For example, the electrochemical side
reaction weakens the mechanical strength of the membrane.

B. Data Description

The experiment of interest was conducted by FCLAB—The
Federation for Fuel Cell Research (FR CNRS 3539)—for the
2014 IEEE PHM Data Challenge Competition. Details of the ex-
periment are available in [30]. This section provides an overview
of only the PEM fuel cell experiments that are relevant to the
development of the proposed method. For the test, the PEM fuel
cell stacks with five cells, Type BZ 100 built by the Ulmer fuel
cell manufacturer were used. The membrane electrode assem-
blies of the cells consist of Gore Primea 5761 membranes and
SGL 10 BB graphite paper as gas diffusion layers. The active
area of a single cell was 100 cm2. The nominal current den-
sity and the maximal current density of the cell were 0.70 and
1 A/cm2, respectively. The maximum available power for the
whole stack was 600 W. Two stacks were aged under differ-
ent operating conditions. The first stack, called “FC1,” operated
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TABLE I
CHARACTERIZATION TEST SCHEME

Characterization tests Training conditions

FC1 1. Polarization curve Test time (hours)
2. EIS after polarization 0, 48, 185, 348, 515, 658, 823, 991

Current density: 0.70 A�cm–2 (for polarization test)
Current density: 0.70 A�cm–2 (for EIS test)

FC2 1. Polarization curve Test time (hours)
2. EIS after polarization 0, 35, 182, 343, 515, 666, 830, 1016

Current density: 0.70 A�cm–2 (for EIS test)

under a nominal current condition, 0.7 A/cm2. The second stack,
“FC2,” was tested under a rippled current condition: 0.7-A/cm2

current density with 10% oscillation at a frequency of 5 kHz. In
addition to the current conditions, several physical parameters
were controlled and others were measured. The inlet air was
heated to about 42 °C, relative humidity was 50%, and the inlet
pressure of both sides was kept at 1280 mbar. For inlet hydro-
gen, the relative humidity and the temperature were measured
at their ambient conditions.

During the aging tests, polarization curves and EIS were mea-
sured intermittently (roughly every week) to check the SOH of
the PEM fuel cells. As shown in Table I, for both FC1 and
FC2, the EIS tests were conducted after the polarization tests,
with a current density of 0.70 A/cm2 and a frequency range from
10 mHz to 50 kHz. The voltage was measured constantly during
the entire aging test.

III. DEVELOPMENT OF ECM FOR PEM FUEL CELLS

The outcome from EIS testing, the impedance spectrum, is
considered an indicator of the overall health of a PEM fuel
cell. The SOH is inferred by relating the characteristics of the
impedance spectrum to the fuel cell’s health. ECM helps define
the links between the characteristics of the impedance spectrum
and the fuel cell’s health. An ECM combines basic circuit el-
ements to represent the electrical behavior of a given circuit.
In this case, the ECM is a model of the overall fuel cell. The
values of basic circuit elements, such as resistance, inductance,
or capacitance, are themselves used as health indicators.

The typical impedance spectrum of a fuel cell contains three
overlapping semicircles representing the anode activation loss,
the cathode activation loss, and the mass transport loss in the fuel
cell. The impedance spectrum in this study is shown in Fig. 1(a).
There are two semicircles—one at high frequency and one at low
frequency—that correspond to the cathode activation loss and
the mass transport loss, respectively. The anode activation loss
is not seen in the figure because it is covered by the semicircle
of the cathode activation loss. This is often the case because
the hydrogen oxidation reaction at the anode is greater than the
oxygen reduction reaction at the cathode.

A semicircle with a perfectly round shape was modeled using
a parallel connection of a resistor and a capacitor, as shown in
Fig. 1(b). In the high-frequency semicircle, a resistor—called
a Faradaic resistor—demonstrates the reaction kinetics, and a
capacitor shows the capacitance effect caused by the charge

Fig. 1. (a) Impedance spectrum plot of the tested PEM fuel cells (FC1)
and (b) corresponding ECM.

separation at the interface of the electrode and the membrane. In
the low-frequency semicircle, a resistor can be used to reflect the
mass transport resistance. However, the semicircles displayed
in Fig. 1(a) are not perfectly circular, i.e., they are partially
depressed. This depression is caused by the nonhomogeneous
distribution of electron charges inside the porous electrode [31].
Prior work has demonstrated that the constant phase element
(CPE), rather than the standard plane capacitor, represents the
depression sufficiently [24]. The impedance of the CPE is shown
as follows:

ZCPE =
1

C(i · w)k
(1)

where w is the angular frequency, C is the factor of proportion-
ality, and k is the CPE exponent that characterizes the phase
shift. The CPE exponent rotates the complete semicircle by
90°(1−k) and makes the circle depressed. Next, the cathode is
modeled using the parallel connection of a Faradaic resistor R1
and the CPE C1 . For mass transport modeling, the Warburg
impedance is widely used, but, in this paper, an R//CPE paral-
lel circuit replaces the Warburg impedance because it requires
less parameters but shows clear relationship with the voltage
and still explains the overall phenomenon of the mass transport.
However, if more specific or accurate interpretation is required,
one can use the Warburg impedance or a series of R//CPE cir-
cuits. Here, the mass transport resistor R2 and another CPE
C2 are connected in parallel to represent the mass transport
phenomenon. Then, the overall impedance is obtained by con-
necting the parallel circuits in series. Then, the total impedance
of the electrodes is

Z1 =
1

R−1
1 + C1(iw)n1

+
1

R−1
2 + C2(iw)n2

. (2)
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The PEM fuel cells used in this research show two additional
characteristics: the arc at the low-frequency end and the tail at
the high-frequency end—both below the real axis. The arc in
the low frequency is caused by the inductive effect. Possible
explanations of this inductive effect are found in the literature.
For example, several studies [18], [32], [33] have indicated that
hydrogen peroxide intermediate is associated with the inductive
effect during the oxygen reduction reaction at the cathode. Roy
et al. [33] also suggested that the loss of catalytic activity due
to platinum dissolution can be related to the low-frequency in-
ductive loop. In addition, carbon monoxide poisoning and water
transport problems were pointed out as possible reasons for the
inductive effect [24], [26].

The inductive effect at low frequency is modeled by adding
an R–L circuit on both reaction kinetics and mass transport
R//C circuits. Then, the R–L circuit can explain both of the
side reactions, for example, through the formation of hydrogen
peroxide, carbon monoxide poisoning, or the mass-transport-
related inductive effect. Then, the impedance is calculated as
follows:

ZLF =
1

Z1
−1 + (R3 + iwL1)

−1 . (3)

Although it rarely happens, some researchers have reported
that the long tail at high frequency can also be caused by an in-
ductive effect. The high-frequency inductive behavior is mainly
associated with connecting elements, such as external wires, to
fuel cells [34]. Thus, it can be modeled simply by imitating an
external wire with an inductor L2 and a resistor. The ohmic
resistor for the external wire is included in the fuel cell’s total
ohmic resistance. Then, the ECM becomes

ZHF =
1

Z1
−1 + (R3 + iwL1)

−1 + iwL2 . (4)

Finally, the amount that the curve shifts from the origin in-
dicates the magnitude of the ohmic resistance of the fuel cell
stack. The ohmic resistance consists of several resistances of the
components, including the membrane, catalyst layer, contact re-
sistance between components, and the external wires. Among
these resistances, the membrane resistance is the most signifi-
cant contributor to the ohmic resistance [24]. For the ECM, this
ohmic resistance is modeled by serially connecting the resistor
Rohmic to the rest of the circuit. By adding the ohmic resistor to
(4), the completed circuit model is given [as shown in Fig. 1(b)]
and the corresponding impedance is calculated as follows:

Z =
1

Z1
−1 + (R3 + iwL1)

−1 + iwL2 + Rohmic . (5)

The parameters and the possible root causes are summarized
in Table II. By obtaining the parameters, the root causes of the
degradation of the fuel cell can be predicted. This prediction is
described in the following sections.

IV. VOLTAGE-BASED ESTIMATION OF IMPEDANCE SPECTRA

Diagnosis of the state of health of PEM fuel cells can be
conducted by estimating the impedance spectra or parameters
of the relevant ECM. However, neither the impedance spectrum

TABLE II
CAUSES OF PARAMETER CHANGE

Parameters Root causes of parameter change

L1 , R3 Byproduct formation (peroxide, hydrogen peroxide, carbon monoxide, etc.)
Platinum dissolution
Degenerated mass transport

L2 External wire setup
C1 , C2 Catalyst loss
Rohmic Chemical attack by radicals

Thermal decomposition of the membrane
Dehydration of the membrane

R1 CO poisoning
Catalyst degradation
Agglomeration of the catalyst
Corrosion of the catalyst carbon support

R2 Flooded gas diffusion layer
Carbon corrosion (affecting mass transport)

nor the ECM parameters for PEM fuel cells are measurable dur-
ing operation. Thus, to enable the use of this method in practical
settings, the impedance spectra or parameters need to be esti-
mated from online-measurable quantities. Several studies have
been conducted to obtain information about fuel cell degrada-
tion using online-measurable quantities [7], [9]. These studies
used the voltage as both a measurable quantity and as a health
indicator itself. Although voltage is a good health indicator, it
only describes overall health of the fuel cell. Voltage contains
limited information on the health status of individual fuel cell
components. In contrast, the impedance spectrum allows more
robust information to be inferred about the health of individual
components. Therefore, in this study, we investigate a diagnos-
tic method that offers online applicability (using voltage) and
detailed health status (provided by the impedance spectrum).
Our work examines the relationship between the voltage and
the ECM parameters.

The output voltage is expressed as the thermodynamic poten-
tial with several losses subtracted

V = Ethermo − ηohmic − ηact − ηconc (6)

where Ethermo is the thermodynamic maximum potential of the
fuel cell and ηohmic, ηact , and ηconc are the ohmic loss, activation
loss, and concentration loss of the fuel cell, respectively. The
losses are affected by the performance and degradation of the
fuel cell components. Thus, they can be expressed as a function
of the ECM parameters that also represent the fuel cell com-
ponents. For example, the ohmic loss that occurs due to charge
transfer impedance is expressed as follows:

ηohmic = iRohmic (7)

where i is the current density that flows between the electrodes
and Rohmic is the combined ohmic resistance of the fuel cell,
which is the same as that used in (5) for the ECM. From (6)
and (7), we know that a change of external voltage occurs if the
ohmic resistance is changed by the degradation of the charge
transfer conductor. Moreover, the change is inversely propor-
tional to the change of the ohmic resistance. It is known that
the ohmic resistance is mainly affected by the water content
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Fig. 2. ECM fitting result with four parameters.

and the temperature of the membrane. In this study, we assume
that the change of the ohmic resistance due to the relative hu-
midity and the temperature is minimized by the constantly con-
trolled humidification of the air and the consistently controlled
temperature [35].

Similar to the ohmic loss, the activation loss is related to the
ECM parameters, expressed in the Tafel equation

ηact = − RT

αnF
ln j0 +

RT

αnF
ln j = a + b log j (8)

where R is the ideal gas constant; T is the temperature; α is
the transfer coefficient; n is the number of electrons; F is the
Faraday constant; and j and j0 are the input current density and
the exchange current density, respectively. In (8), it is assumed
that the activation loss is dependent on the exchange current
density, while other parameters, including the temperature and
input current density are set to be constant. The exchange current
density is also expressed as follows [35]:

j0 =
(

RT

αnF

)
1

Rf eαnF ηa c t /(RT ) (9)

where Rf is the Faradaic resistance corresponding to R2 in the
developed ECM of (2) and (3). As seen in (9), the Faradaic
resistance is related by the log function to the activation loss.
However, in this study, it is modeled using the linear function.
It is reasonable to assume a linear relationship for the small
changes of Faradaic resistance; thus, this strategy prevents ex-
ponential divergence due to errors in parameter estimation. The
assumption also helps map the ECM parameters and the voltage
independently. R1 , which is related to the concentration loss,
is estimated in the same way due to the symmetry with R2 .
Although R3 results from the by-product of the side reaction,
we assume that R3 also has a linear relationship with voltage,
considering R3 as a contaminant that blocks the active sites of
the catalyst [36]. Based on the above discussion, as an example,
the impedance spectra of FC1 at 658, 823, and 991 h can be
estimated. To achieve this goal, first, the impedance spectrum
before the estimation time is assumed to be known; thus, the
corresponding ECM parameters are also assumed to be known.
Then, to estimate the ECM parameters at given times, the
functions between the voltage and the ECM parameters are
empirically constructed, as described earlier. Before the de-
velopment of the relationship, the negligible parameters, of
which values seldom change during the aging process, are first

Fig. 3. Linearity between voltage and ECM parameter (a) Rohmic,
(b) R1 , (c) R2 , and (d) R3 .

TABLE III
ESTIMATED ECM PARAMETERS

ECM Parameters t = 658 h t = 823 h t = 991 h

Rohmic = −0.0012 V + 0.0088 Ω 4.77 × 10–3 4.75 × 10–3 4.74 × 10–3

R1 = −0.0021 V + 0.0094 Ω 0.0027 0.0027 0.0027
R2 = −0.0112 V + 0.0463 Ω 0.0097 0.0099 0.0097
R3 = −0.4434 V + 1.622 Ω 0.1755 0.1849 0.1733

fixed to their mean values. In the literature, the capacitance,
the inductance, and the CPE components are pointed out as
degradation-irrelevant parameters for given operating condi-
tions [34]. Consequently, the parameters C1 , C2 , L1 , L2 , n1 ,
and n2 are fixed to their mean values from the training data set.
This reduction in the number of estimation parameters keeps
the accuracy, while providing the advantage of preventing over-
fitting to the measured data that could occur with the inclusion
of such degradation-irrelevant parameters. After fixing those
values, the rest of the parameters Rohmic, R1 , R2 , and R3 are
then recalculated by curve fitting. Fig. 2 shows the curve fitting
results for the four parameters. The average root mean square
error is 2.9127 × 10–4 for the four parameters.

As shown in Fig. 3, the recalculated parameters were used
to find the relationship between the voltage and the parame-
ters. The red triangles are the training data points and the blue
linear line shows the results of the curve fitting of the training
data points. The black circles are the fitted parameters, that is,
the parameters at the testing data points: 658, 823, and 991 h.
These values are estimated by the blue line, using the voltages at
the testing times. Visual inspection of the plots confirms that the
regression curves properly represent the relationship between
the voltage and the parameters.
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Fig. 4. Estimated impedance spectrum results of FC1 at time (a) 658, (b) 823, and (c) 991 h.

Fig. 5. Irreversible and reversible voltage degradation.

The linear behavior of Rohmic and the voltage can be explained
using (1) and (2). From the equations, we can see that an in-
crease in ohmic resistance results in a decrease in voltage. For
R1 , the impedance of the electrode is Z = 1/(R−1

1 + jwC1),
so for a fixed value of C1 , R1 is linear with Z when R1 << C1 .
Thus, again the voltage loss at electrode V = iZ is proportional
to R1 . Similar explanations are possible for R2 and R3 . The
parameters are estimated separately from the voltage values be-
cause they are all linear. The curve fitting parameters, a and b,
as in aV + b, and the estimated parameters, Rohmic, R1 , R2 , and
R3 , are shown in Fig. 3 and Table III. This relationship, plus
the voltages obtained at 658, 823, and 991 h, gives the ECM
parameters for each time of interest and thus the impedance
spectra. The impedance plots based on the estimated ECM pa-
rameters are plotted in Fig. 4. The uncertainty can be realized
in the form of the residual between the data and the linear fit-
ting in Fig. 3. The standard deviations of Rohmic, R1 , R2 , and
R3 are 2.07 × 10–5, 2.57 × 10–5, 7.04 × 10–5, and 4 × 10–3,
respectively. Given a 95% confidence interval for each param-
eter, the root mean squares errors between the estimated and
the measured impedance spectrum at 823 h are increased by
0.03%, 0.11%, 0.51%, and 0.04%. Note that the residual of
Rohmic seems to have large variation. This does not affect much
to the estimation results because the sensitivity or slope of the
linear fitting is not large. The residuals of other parameters
are accurately estimated in a relative sense, compared to their
sensitivity.

Fig. 6. Comparison of the predicted voltage degradation (red line) to
the measured voltage (blue line) for FC2.

TABLE IV
PREDICTED ECM PARAMETERS

t = 0 h t = 666 h t = 830 h t = 1016 h Related Root Causes

Rohmic 0.0044 0.0045 0.0045 0.0046 Membrane degradation
R1 0.0027 0.0029 0.0030 0.0031 Loss of cathode activation
R2 0.0088 0.0104 0.0105 0.0117 Mass transport resistance
R3 0.1339 0.1991 0.2054 0.2553 Radical formation

V. VOLTAGE-BASED PREDICTION OF THE IMPEDANCE

SPECTRUM

Prediction of the impedance spectrum for PEM fuel cells is
challenging because no online measurement data are available
for a particular time in the future. Estimation of the impedance
spectra cannot be directly implemented without this future volt-
age information. Thus, first, future voltage information needs to
be predicted.

Voltage shows two different degradation behaviors, irre-
versible and reversible degradation [37], [38]. Permanent dam-
age to the fuel cell components by physiochemical reactions
(such as corrosion or membrane degradation) results in irre-
versible phenomena, whereas temporary disruption of the fuel
cell performance (such as poisoning of the anode catalyst by car-
bon monoxide, membrane drying, or cathode flooding) leads to
reversible degradation [37]. As an example, in Fig. 5, the voltage
of FC1 shows the two degradation patterns. The overall voltage
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Fig. 7. Predicted impedance spectrum results of FC2; with 75-A current at time (a) 666, (b) 830, and (c) 1016 h; with 45 A current at time (d) 666,
(e) 830, and (f) 1016 h; and with 20-A current at time (g) 666, (h) 830, and (i) 1016 h.

decrease indicates irreversible degradation, while the temporary
recovery of the voltage after the EIS test shows reversible degra-
dation. The irreversible voltage degradation that occurs under
constant operating conditions can be modeled using a linear
model [9]. For reversible voltage degradation, an exponential
model can appropriately model the degradation [38].

By fitting a linear model to the voltage degradation data of
FC1, the irreversible degradation rate is found to be –0.1959
mV/h; this is also used to represent the degradation rate of FC2.
Although the voltage degradation rate under a rippled current is
generally greater than that under a constant current, it has been
reported that a 10% ripple does not affect the degradation rate
significantly [39]. With this in mind, the reversible voltage loss
can be calculated as the difference between the voltage degra-
dation and the irreversible voltage loss. It can be described by
the exponential model, a×exp(b·t) + c. The exponential model
is fitted to the reversible voltage loss of FC2 for the given data
up to 550 h. After this time, the exponential parameters are
found based on the information about FC1. The parameter a in
the exponential model is simply the last value of the voltage
before the EIS test. The decay rate b is found by calculating
the mean value of the previous decay rates of FC2. The amount

of voltage recovery, parameter c, is obtained from the value of
FC1. Fig. 6 illustrates the result of the predicted voltage degra-
dation model with both reversible and irreversible degradation
processes.

For FC2, the relationship between the voltage and the four
ECM parameters at 0, 35, 182, 343, and 515 h was developed us-
ing the process described in Section IV. Then, the ECM param-
eters for a specific future time are obtained from the predicted
voltages, which are shown in Table IV, and the impedance spec-
tra are reproduced using the ECM and its predicted parameters.
Fig. 7 illustrates the corresponding impedance spectra plots at
666, 830, and 1016 h. Results from a second experiment us-
ing the same method under a different current density are also
shown.

According to the results in Table IV, all the parameters in-
crease through time except Rohmic, which remains nearly con-
stant. In particular, R3 increases to double its initial value. This
indicates that the major root cause of the performance degrada-
tion is the formed radicals. In addition, R1 and R2 increase by
about 15% and 33%, respectively. This implies that the perfor-
mance of the PEM fuel cell under study is partially degraded
due to the electrodes.
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Fig. 8. Off-trend of ECM parameter R1 at 666 h.

Three measures have been defined to quantify the accuracy
of this method [30]. In (10), the accuracy of the prediction is
first obtained based on the Euclidean distance between measured
and predicted impedances at four different frequencies, 50 mHz,
789 mHz, 5.18 Hz, and 505 Hz (EDFr/t). The calculated Eu-
clidean distances at 666, 830, and 1016 h are weighted according
to their distance from 550 h and summed to Errt as in (11).
Then, the average of the weighted-sum error gives the final score
ScoreSOH in (12)

EDFr/t =√
(Re(ZFr/t) − Re(

∧
ZFr/t))

2
+ (Im(ZFr/t) − Im(

∧
ZFr/t))

2

(10)

Errt =
1

t − 550

∑
Fr

(EDFr/t) (11)

ScoreSOH =
1
3

∑
t

(Errt). (12)

In this study, the score of the suggested method is 5.32 ×
10−6 , which is a better score than that provided by the state-
of-the-art method reported in the 2014 PHM Data Challenge
Competition (i.e., regression analysis with “leave-one-out” scor-
ing 7.89 × 10−6 [40]). We also conducted predictions using
machine-learning-based techniques, specifically, the artificial
neural networks and relevance vector machine. The training
data contain the ECM parameters for all relevant times for FC1
and the ECM parameters at the first five times of FC2. The test
dataset is the last three ECM parameters of FC2. The scores of
the algorithms are 1.07 × 10−5 and 1.34 × 10−5 , respectively.
For the machine learning method to be effective, a significant
amount of data must be available. Here, enough data are not
available; thus, the physics-based method shows a better result.

The error in the predicted results comes primarily from two
sources. The first error source is the uncertainty in the ECM pa-
rameter estimation that results from the linear regression func-
tion. Some level of noise is involved in estimating the linear
relationship between the ECM parameters and voltage. This er-
ror is dominant for the estimation of R1 at 666 h, as shown
in Fig. 8. The size of the second semicircle that is determined
by R1 shows a larger prediction error than the other instances.

We believe that this trend is caused by a greater level of voltage
noise. This can also be found at around 100 h and 420 h in FC2
(see Fig. 6). The second error source is uncertainty in the voltage
prediction model. The suggested voltage prediction model uses
assumptions that simplify the problem, such as the amount of
voltage jump after the characterization test. These uncertainties
need to be addressed in the future. Furthermore, this study uses
only voltage information for SOH prediction; however, the use
of other measurements (e.g., EIS tests with different currents or
polarization curves) can lead to better results.

VI. CONCLUSION

This paper proposed a new method for health prognostics of
PEM fuel cells. The proposed method consists of the following:

1) modeling an ECM that emulates the impedance spectrum
of the fuel cells;

2) estimating the parameters of the ECM using voltage
measurements;

3) predicting the future health condition of the fuel cells by
extrapolating the voltage degradation trend; and

4) analyzing root causes of the degradation of the fuel cells
by predicting future values of the ECM parameters.

Using the proposed technique, the future SOH of fuel cells can
be predicted online and with root cause analysis. The prediction
accuracy of the proposed method outperformed the state-of-the-
art method that was previously reported (i.e., regression analysis
using the “leave-one-out” method).

Each existing online-prognostic method for fuel cells has
limitations in practical applications. While broadband current
injection techniques were recently proposed to overcome the
limitations of the classical EIS techniques, they require 1) extra
equipment to diagnose the fuel cells and 2) a lengthy measure-
ment time to achieve accurate characterization. Voltage-based
prognostic methods provide the SOH of the overall system; how-
ever, they lack the ability to identify the degradation of individ-
ual components (electrodes, membrane, etc.) in the fuel cells.
Unlike the voltage-based methods, use of the impedance spec-
trum provides information about the SOH of individual compo-
nents in the fuel cell; however, the measurement of impedance
spectra has to be conducted under stable loading conditions. This
study attempted to combine the merits of two methods (i.e., the
broadband current injection technique and the impedance spec-
trum measurement technique). The proposed method has two
main advantages over existing methods: 1) it can predict the fu-
ture SOH of PEM fuel cells using data available through online
monitoring and 2) it can identify the root causes of expected fu-
ture failure. As a result, the root causes of fuel cell degradation,
namely, membrane degradation, cathode degradation, and the
mass transport problem, can be predicted during the operation.

In this study, training data are obtained under almost constant
current condition. This condition is believed to be relevant to
many of the fuel cell applications, since the fuel cell is suit-
able to supply stable power rather than highly dynamic power.
Furthermore, based on this test condition, it was assumed that
there are linear relationships between the ECM parameters and
the voltage. However, this assumption may not be true for PEM
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fuel cells that are subjected to dynamic operating conditions,
including significant changes to current density, temperature,
humidity, or a large number of start/stop cycles. In dynamic
conditions, the parameters that we assumed to be constant over
time can change. If this happens, the applicability of the pro-
posed method will be very limited. To address this issue, in
future work, we will study parameter tracking methods that can
be used for the nonlinear relationships that occur under dy-
namic operating conditions. However, in spite of this concern,
the suggested method would be still useful in the application
that requires the stable power supply.
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