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Abstract—This paper introduces fault diagnosis and separation,
mitigation, and modeling of a proton exchange membrane fuel cell
(PEMFC). Experimental tests of a single PEMFC were performed
during this study. Flooding and drying faults were implemented
to be detected from the cell voltage and impedance response of
the cell. The impedance response at low frequency was used to
identify the cause of the fault. The slope of the magnitude and/or
the negative phase response of the cell impedance at low frequency
were observed to allow separation of a fault. A cell impedance
model based on resistive capacitive (C model) and resistive
constant-phase-element (CPE model) circuits is developed. The
CPE model has a better approximation of the cell impedance.
However, the C model is easy to implement since it is well known
in most simulation tools (MATLAB/Simulink or PSpice). A power
electronic control is designed and tested to mitigate the faults.
Pulsing the cell current at low frequency was seen to increase the
cell power by 8% during drying.

Index Terms—Fault, fuel cell, modeling, proton exchange mem-
brane fuel cell (PEMFC), simulation.

I. INTRODUCTION

FUEL CELLS are a promising energy technology with

the advantages of high efficiency and low pollution for

transportation and stationary applications. However, fuel cells

also have challenging problems associated with its durability,

lifetime, etc. For example, the carbon monoxide (CO) poison-

ing of the catalyst, flooding of the cell cathode side, and drying

of the cell membrane are issues that deserve attention.

Many studies have been done to address CO poisoning of a

catalyst in a fuel cell [1]–[6]. Research shows a decrease in the

cell voltage performance of the fuel cell with an increase in the

content of CO in the fuel supplied to the fuel cell. The poisoning

problem is more severe when operating at low temperature like

a proton exchange membrane fuel cell (PEMFC) as compared

to a phosphor acid fuel cell. Other studies have discovered

a means to improve CO tolerance of a fuel cell [2]–[6]. An

alloy catalyst platinum–ruthenium (Pt–Ru) was used instead of
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platinum at the anode of a PEMFC to reduce the adsorption of

carbon monoxide on the active catalyst surface of Pt [2]. The

reaction at the anode for uncontaminated hydrogen is

H2 + 2(Pt) −→ 2(Pt − H) (1)

2(Pt − H) −→ 2(Pt) + 2H+ + 2e−. (2)

However, if hydrogen is contaminated with CO, the reac-

tion at the anode could occur in either of the following two

processes:

CO + (Pt) −→ (Pt = CO) (3)

2CO + 2(Pt − H) −→ 2(Pt = CO) + H2. (4)

The Pt–Ru alloy catalyst is used to reduce the CO adsorption

significantly on the Pt catalyst at the anode of a PEMFC.

This allows a water–gas shift reaction to occur if the fuel is

humidified before it is fed into the anode. The reactions that

occur in the anode are

(Pt) + H2O −→ (Pt − OH) + H+ + e− (5)

Ru + H2O −→ (Ru − OH) + H+ + e− (6)

(Pt = CO) + (Ru − OH) → (Pt) + Ru + CO2 + H+ + e−.

(7)

Another approach to oxidizing the CO adsorbed on the

catalyst surface into carbon dioxide (CO2) is air bleeding into

the anode with the fuel stream [3]. This helps to free some of

the active catalyst site on the Pt available for hydrogen (H2).
Moreover, a thin catalyst layer was added onto the anode, where

a direct oxidation of CO with O2 occurs, before the fuel reaches

the internal catalyst layer in which H2 is oxidized [4]. Operating

the cell at higher temperature could also improve the tolerance

of CO poisoning [3], [5]. However, the dynamics of the fuel cell

will be significantly affected, which limits its application for

transportation. Interesting results of improved CO tolerance of a

PEMFC were found when an advanced power converter system

was used that draws a pulsing current [6]. A low-frequency

pulsating current was drawn from the fuel cell, which drives

(pushes) the fuel cell to operate at high overpotential in the

V –I curve. Operating the PEMFC at high overpotential allows

CO oxidation into CO2, which frees some of the active catalyst

surface of Pt to allow a fast electro-oxidation of H2.

Water management is crucially important for healthy op-

eration of a PEMFC. [7]–[10] discuss monitoring a PEMFC

during flooding and drying conditions using an electrochemical

impedance spectroscope (EIS) and by measuring the cell resis-

tance and pressure drop. Monitoring the liquid water content

in porous electrodes by measuring the pressure drop between
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the inlet and the outlet was proposed in [7]. A combination

of pressure drop at the cathode side and measuring the cell

resistance is used to reliably indicate separately between drying

and flooding faults [8]. [9] uses impedance response at separate

frequency ranges to distinguish between flooding and drying

faults. A detailed analysis of the state of health of a PEMFC

using an EIS to detect and isolate is presented in [10]. This

study uses a Randles cell to model the cell during both flooding

and drying.

However, detection and isolation of the faults in a PEMFC

operation are not enough. The act of mitigating these faults is

critically important to improve the performance of the cell and

have longer lifetime. This paper proposes not only detection

and isolation of the fault source but also mitigating of the cell

from flooding, drying, and CO poisoning faults. An EIS is

used to detect and isolate the cause of the fault, and a simple

boost–buck cascaded dc–dc converter is designed to mitigate

the fault. Pulsating the cell current was observed to increase the

cell power by 8%.

II. FLOODING AND DRYING OF A PEMFC

The membrane of the PEMFC has to be wet for normal

operations. The water inside the membrane transports the pro-

tons (H+) from the anode side to the cathode side by osmosis

through the membrane. Enough water in the membrane can be

achieved by humidifying the incoming fuel (H2) and air (O2).
However, any shortcomings that arise due to the imperfect

humidifier sensors can lead to too much or too little water

being injected into the fuel cell, which, in turn, causes flooding

or drying. Prolonged operation in either of these two states

decreases the output power of the fuel cell. Furthermore, this

can be very harmful, or even fatal, to the fuel cell [7]. For

flooding to occur, excess water has to be injected into the

cell and operates at high current density. It is a slow process

of liquid water accumulation inside the cathode gas diffusion

layer (GDL) of the cell. During this process, the voltage drops

slowly as if the current was limited by the diffusion of reactants.

Eventually, water droplets are formed inside the gas channels

that prevent oxygen from reaching the catalytic sites, thus

rapidly reducing the cell voltage to zero. For drying to occur,

too little water is injected into the cell, and it operates at a

low current density. The membrane of the cell dries out, and

the voltage gradually drops. Eventually, the cell dries out, and

the voltage drops suddenly to zero in a similar manner to a

concentration drop. Detection of flooding and drying while it

is during the slow-voltage-drop stage is important as prolonged

operation is extremely harmful to the fuel cell [7].

III. EXPERIMENTAL SETUP

All measurements were carried out on a single PEMFC fed

with air and pure hydrogen. The fuel cell experimental test

setup consists of a 10-cm2 single cell, gas humidifiers, line

heaters for the gas inlet lines, a moisture trap, a cell temperature

controller, a mass flow controller for the incoming reactant

gases, and a back pressure controller for the exiting gases,

as shown in Fig. 1. The schematics of the cell connected to

Fig. 1. Experimental test setup of the EIS of a PEMFC.

Fig. 2. Schematics of the experimental test of the PEMFC.

an electronic load and a frequency response analyzer (FRA)

are shown in Fig. 2. The following parameters of the cell

were maintained to ensure consistency and repeatability of the

experiment for all the experiments carried out.

1) Pure oxygen (O2) and hydrogen (H2) flow are set at

100 sccm during the test, and the fuel and oxidant flow

back pressure is kept at 20 lb/in2.

2) The humidity is maintained at the desired level using the

humidifier by controlling the humidifier temperature.

3) The cell current was controlled at a predetermined level,

which, in this case, is 8 A, using the electronic load. An

FRA is used to collect the impedance response of the cell

during the course of the test, and an oscilloscope records

the voltage response in time while the cell is either drying

or flooding.

A. Flooding Procedure

Initially, the cell and the humidifier temperatures are kept the

same for normal operation. To create flooding in the cell, the

humidifier temperature is maintained at about 40 ◦C or higher

than the cell temperature. The cell can be operated at very high

current to facilitate the flooding process. This creates a situation

where there is a net water gain into the fuel cell, and the cell

is eventually flooded. This process leads to a drop of the cell

voltage. Finally, the fuel cell reaches a point where the voltage

falls to a very low level, indicating that flooding has occurred.

B. Drying Procedure

Drying of the cell can be achieved by creating a temperature

difference between the humidifier and the cell. Similar to the
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Fig. 3. Cell voltage response during flooding.

flooding process, at the beginning, the temperature difference

is kept to zero for normal operation. The cell temperature is

then maintained at about 40 ◦C or higher than the humidifier to

create drying. Operating the cell at low current will speed up the

drying process. This process creates a net water loss from the

fuel cell. As a result, the cell membrane starts to dry with time.

Eventually, a fall in the cell voltage is seen over time. Finally,

the fuel cell reaches a point where the cell voltage drops to zero

and it can no longer produce current.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The FRA is employed to provide the forcing signal to the

ac generator and collect the impedance response, as shown in

Fig. 1. The amplitude of the ac signal is set to a maximum

amplitude of 30 mV, which injects less than 5% ac current into

the cell at the selected operating current (dc cell current). The

cell current is maintained at 8 A during the experiment using

the electronic load. The frequency sweep range of the ac signal

is set from 0.1 to 15 kHz of ten sweeps/decade. If the frequency

sweep decreased below 0.1 Hz, the data collected are very

noisy and hard to analyze. The imaginary part of the impedance

response will be dominated by an inductive impedance if the

sweep frequency increases above 15 kHz due to the inductance

of the connecting wires.

Flooding of the cell was attempted at an 8-A operating cell

current, as shown in Fig. 3. Unfortunately, complete flooding

without injecting water into the cathode side of the cell was not

successful. The cell current was increased to 14.5 A after about

3600 s, operating at 8 A to force the cell to flood completely, as

shown in Fig. 3. The fluctuating voltage response starting from

about 6000 to 8100 s shows a sign of complete flooding of the

cell. The cell voltage drops to zero and recovers to a higher

voltage value and then slowly decreases where it finally drops

again to zero. During this flooding stage, the back pressure

of the unreacted exiting oxygen was seen to drop, which also

indicates flooding. It was observed that recording the V –I data

of the cell during this complete flooding is hard since the cell

recovers and continues with normal operation for a short period

of time. A very low oxygen content is still diffused through

Fig. 4. Impedance response of the cell during flooding.

the cathode GDL and reaches the catalyst region generating

current during this complete flooding stage. The cell resumes

its normal operation once it is operated at low current densities,

which increases its output power.

The impedance response of the cell during the flooding

process is shown in Fig. 4. Both the real and imaginary parts

of the cell impedance increase as the liquid water accumulation

in the cathode side increases. However, the shape (semicircle)

of the impedance response remains almost the same with the

exception of increased diameter and shifting slightly to the

right. The increase in the polarization resistance (bulk charge

transfer resistance) in the cathode side causes the increase in

the diameter of the cell impedance response. The slight shift

of the semicircle to the right is due to the decrease in cell

temperature, which increased the membrane resistance. An

empirical formula [11] was used to calculate the cell membrane

resistance as a function of the temperature and operating cell

current. The result of the empirical formula and the measured

resistance are almost the same. The maximum magnitude of

the imaginary part of the impedance response of the cell occurs

at the same frequency 630 Hz. This implies that the transient

response remains the same. Fig. 5 shows the magnitude and

phase response of the cell impedance. An increase in the cell

magnitude response is seen as the cell floods, but the phase

response remains almost the same throughout the flooding.

A negative phase shift is seen between 50-Hz and 5-kHz

frequency ranges, which indicates almost the same transient

response of the cell (settling time of 0.5 ms) between the

different flooding stages and the healthy cell.

Figs. 6 and 7 show the voltage response of the cell during the

drying process. Complete drying of the cell was seen to occur

after running for about 7800 s at an 8-A operating cell current,

as shown in Fig. 6. The drying resulted in a slow decrease

of the cell voltage from 0.58 to 0.475 V, and finally rapidly

drops from 0.45 to 0.258 V, which indicates complete drying.

The cell was also subjected to drying again after recovering to

normal operation. The second drying process took less time

to completely dry the cell, which is about 3600 s, as shown

in Fig. 7. The drying resulted in a reduction of 50% of the
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Fig. 5. Magnitude and phase responses of the cell during flooding.

Fig. 6. Voltage response during the initial drying attempt.

maximum power output of the cell. A power and V –I curve

comparison of the normal and drying operation is shown in

Fig. 8 with a maximum power of 4.6 W. The actual maximum

power loss is about 2.354 W, and the voltage drop at 8 A is

0.308 V.

The impedance response of the cell during the drying stages

is shown in Figs. 9 and 10. Fig. 9 shows the real versus the

imaginary part of the impedance response, and the magnitude

and phase responses are shown in Fig. 10. The plot shows an

increase in the magnitude of the real and imaginary responses

and a generation of another semicircle at low frequencies. A

negative slope (d|Z|/df) of the magnitude response plot for the

low-frequency test, and a negative phase shift start to appear as

the cell membrane dries, which does not occur for normal and

flooding. This helps to identify the drying fault from flooding

and the healthy cell. In addition, the dynamic response of the

cell starts to become slower (settling time of 0.87 s) than the

response of the healthy cell (settling time of about 0.35 µs).

A fault in the cell operation can easily be detected by

measuring the cell voltage. A drop in the cell voltage at a given

Fig. 7. Voltage response during the second drying attempt.

Fig. 8. Power and V –I curves for a healthy and a drying cell.

Fig. 9. Impedance response of the cell during drying.

operating current could lead to a fault occurring in the cell.

Limiting the cause of the fault to either flooding or drying, the

magnitude or phase response of the cell at low frequency can
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Fig. 10. Magnitude and phase responses of the cell during drying.

Fig. 11. Impedance response of a healthy, a flooded, and a dried cell.

be used for isolating the cause of the fault. A transient analysis

on the cell voltage can also be used to isolate the faults. A

combination of both isolation methods (low-frequency test and

transient analysis) provides a better decision. A comparison of

the normal, flooding, and drying impedance response is shown

in Fig. 11. The response of the normal and flooding states

contains one semicircle with the exception that a higher mag-

nitude response occurs during flooding, whereas the response

during the drying state contains two semicircles, which makes

it different from the flooding fault. A simple analysis of the

magnitude response at low frequency (0.01–1 Hz) results in an

adequate signature to identify the fault type.

V. PEMFC MODEL INCLUDING FLOODING AND DRYING

A fuel cell model that contains the flooding and drying faults

is developed, as shown in Fig. 12. An equivalent circuit is

added to an existing PEMFC model to account for the effect

of both the flooding and drying faults. For a healthy cell, the

parameters R1, R2, and C2 are considered in the PEMFC

Fig. 12. PEMFC model, including flooding and drying.

TABLE I
PEMFC EQUIVALENT CIRCUIT PARAMETERS OF THE C AND

CPE MODEL. (a) PARAMETERS OF THE C MODEL.
(b) PARAMETERS OF THE CPE MODEL

model to represent the cell equivalent impedance. These three

parameters start to change as a result of the flooding and drying

faults. The increase in the value of the first parallel RC circuit

(C2 and R2) is a significant marker of flooding only. The change

in these parameters is introduced as a decrease in capacitance

C2 and an increase in resistance R2. The parameters C3 and R3

are not affected by flooding, but drying of the cell. The model

of the drying fault considers not only the parameter changes in

C2 and R2 but also R1 and the addition of the second parallel

RC circuit C3 and R3, as shown in Fig. 12.

The first RC parallel circuit (C2 and R2) is replaced by

a resistor R in parallel to a constant-phase-element (CPE)

impedance. A CPE impedance is an equivalent electrical circuit
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Fig. 13. Comparison between the experimental, C, and CPE model for
normal, flooding, and drying.

Fig. 14. Magnitude and phase responses of the experimental, C, and CPE
model during flooding.

component that models the behavior of a double layer, that is

an imperfect capacitor, which is given by

1

Z
= Y = Q ∗ (jw)n (8)

where Z is the CPE impedance, Y is the CPE admittance, Q is

the admittance in siemens at w = 1 rad/s, w is the frequency

in radians per second, and n is between zero and one. The

CPE is introduced since the impedance response of the cell is

not a semicircle centered at the real axis but below the real

axis. However, the depressed semicircle impedance response

can be approximated well by using the CPE impedance. The

CPE impedance value depends on the electrode roughness, the

distribution of reaction rates, varying thickness or composition

of a coating, and nonuniform current distribution [10]–[12].

The CPE impedance can be approximated by a capacitive

impedance for n values that are very close to one. However, the

true capacitance value can be expressed as [12]

C = Q ∗ (wmax)
n−1 (9)

where wmax is the frequency at which the imaginary component

reaches the maximum, which is wmax = 3958 rad/s.

Fig. 15. Impedance response of the experimental, C, and CPE model during
flooding.

Fig. 16. Magnitude and phase responses of the experimental, C, and CPE
model during drying.

Fig. 17. Impedance response of the experimental, C, and CPE model during
drying.

The parameters of the C- and CPE-model equivalent circuit

are given in Table I(a) and (b) for both faults at different level

of flooding and drying.

A comparison of the impedance response between experi-

mental, C model, and CPE model is shown in Figs. 13–17.

Fig. 13 shows the plot of the impedance response for the
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Fig. 18. Improved performance of the drying cell when pulsing the cell
current. (a) Voltage and power waveforms at Ts = 120 s. (b) Voltage and
power waveforms at Ts = 60 s.

Fig. 19. Power electronic converter setup circuit.

healthy, flooded, and dried cell. Figs. 14 and 16 show the

magnitude and phase responses for both models during flooding

and drying, and the impedance response for both faults is shown

in Figs. 15 and 17. These plots show the comparison between

the experimental, C, and CPE models at different stages of

flooding and drying. It can be observed that the CPE model

responds better in both fault modeling cases. However, the

Fig. 20. Fuel cell interconnected to the power converter simulation circuit.

Fig. 21. Cell current and cell voltage waveforms of a PEMFC. (a) Pulsing cell
current waveform. (b) Voltage response of the cell.

C model has the advantage of simple circuit implementation

in MATLAB/Simulink or PSpice as a tradeoff to a better

approximation.

VI. PROPOSED METHOD OF IMPROVING PEMFC

PERFORMANCE USING POWER CONVERTER

The PEMFC problems discussed in the previous sections can

be mitigated by selecting the best suitable operating point in the

V –I curve of the fuel cell. For example, a low-current operation
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Fig. 22. Voltage waveform of the buck converter load.

has the advantage of mitigating the flooding fault, which is

observed during the experiment. The drying and CO poisoning

faults of the PEMFC are mitigated by operating at high current

densities. A high-current-density operation results in more wa-

ter production at the cathode side, which increases the liquid

water in the membrane. During the drying experimental test, it

was observed that the performance of the cell was improved

by pulsing the cell current between 8 and 10 A, as shown

in Fig. 18. Arbitrary switching periods (Ts) 1 and 2 min of

50% pulsewidth increased the average cell power by 8%. This

operating point is also favorable for the CO at the anode side to

be oxidized and allow additional surface area in the Pt catalyst

for the incoming hydrogen (fuel). Overall, the performance of

the PEMFC is improved by employing a power converter that

controls the fuel cell operation during these faults.

Fig. 19 shows the power converter connected at the ter-

minals of the PEMFC. The power converter is made of a

boost–cascade–buck converter. The boost converter controls the

voltage and current operating point of the cell, while the buck

converter provides constant output power (voltage) to the load.

The power converter connected to the terminals of a PEMFC

is simulated in a MATLAB/Simulink program. A current con-

trol is implemented using two hysteresis current control loops

and a switch, as shown in Fig. 20. The hysteresis loops control

the magnitude of the cell current, whereas the switch controls

the switching frequency and the pulsewidth between the two

current magnitudes of the cell. A PI controller of the buck

converter ensures a constant voltage output to the load.

The cell current, the cell voltage, and the load voltage of the

simulation are shown in Figs. 21 and 22. Fig. 21(a) and (b)

shows the pulsing current drawn and the voltage waveforms

of the cell. The cell current is controlled at 4.25 and 5.25 A

by the hysteresis controls, and the corresponding cell voltages

are 0.55 and 0.475 V. The load voltage at the terminals of

the buck converter is controlled at 5 V, as shown in Fig. 22.

Experimental tests of the power converter shown in Fig. 22

were done to show proper operation. The power converter is

connected to a dc power source instead of the actual PEMFC.

The pulsing current drawn by the power converter is shown in

Fig. 23. Pulsing current waveform of the power converter experimental test.
(a) Current waveform of the boost converter. (b) Ripple current of the boost
converter.

Fig. 23. The source current is controlled at an average of 1.5

and 3.5 A, as shown in Fig. 23(a). A maximum current ripple

of ∆i = 0.5 A occurs when the average current is 3.5 A, as

shown in Fig. 23(b). The reason for the high current ripple is

due to the delay in the reading sensors, the limitation of the

controller, and the inductor size. The ripple can significantly be

reduced either by increasing the inductor size or increasing the

switching frequency of the boost converter. As a result of these

changes, the efficiency of the power converter will decrease.

VII. CONCLUSION

In this paper, an experimental setup of a single-cell PEMFC

for flooding and drying tests was presented. The impedance

response due to the flooding and drying faults was briefly

discussed. The impedance response at low frequency was found

to carry the information required for isolating the cause of the

fault. A pure capacitance and a CPE-based model were dis-

cussed to represent the equivalent circuit of the cell impedance.

The CPE-model equivalent circuit showed better approximation
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of the cell impedance as compared to the C model. However, the

C model is simple and well known in simulation.

A power converter circuit was built to mitigate the faulty cell.

Pulsing the cell current at low frequency (about 0.0085 Hz)

improves the performance of the cell. The cell voltage was

seen to increase due to the pulsing and higher water production

at higher cell current. Simulation and experimental results of

the converter were presented to show proper operation. The

converter controls the cell current and voltage operating points,

which mitigates the fault.
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