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Abstract: Flooding and dry-out are major drawback issues in proton exchange membrane fuel cells
(PEMFC), which necessitate adequate prevention control techniques. In a fuel-cell stack, as flooding
and dry-out occur on the inlet and outlet sides, respectively, both faults can exist simultaneously.
Therefore, the timely detection of these two contradictory faults is crucial for implementing timely
control measures. In this study, we propose a preventive control method that detects the fault signs
early for more effective prevention. The proposed method uses a curve-fitting method, which uses
overpotential as the control index. As the control index can be obtained by measuring the current,
voltage, and temperature, the evaluation can be performed quickly, making it easy to implement in a
PEMFC system. Under a single fault, the stack output power, hydrogen consumption, and power
efficiency of the proposed preventive control method and the previous study on flooding were
compared. The results showed that our preventive control method could detect flooding sooner and
was superior in stack output power, hydrogen consumption, and power generation compared to the
fault control method. Under conditions of mixed flooding and dry-out, both flooding and dry-out were
detected using the overpotential as the control index. Thus, because the proposed method initiates
control measures before the fault progresses, it is possible to ensure the continued stable operation of
the fuel cells.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have attracted considerable interest due to their
ability to exhibit high energy densities at low temperatures, compact size, high efficiency, and minimal
carbon emissions. Consequently, they are used in a multitude of applications, such as fuel cell
vehicles (FCVs), cogeneration systems, portable electronics, and emergency power sources [1,2].
However, the mass commercialization of PEMFCs has been hindered due to operational issues
stemming from water and thermal management, such as flooding or drying out, resulting in reduced
power performance and system degradation [3]. Flooding is a fault wherein the water produced during
the operation of a PEMFC gets retained, thereby filling up the pores in its gas diffusion layer, which
covers the reaction area of the catalyst layer and results in decreased fuel cell performance. The lower
the flow rate, the greater the flooding caused by the plugging of the generated water. Correspondingly, the
conductivity of the membrane is affected, and the thickness of the electrolyte changes significantly [4].
Dry-out is a fault in which the membrane dries owing to excessive operating temperatures, flow rates,
and declining power. Consequently, the fuel cell membrane degrades more rapidly, causing pinholes
and other defects [5].

There are several approaches to identifying the internal conditions, which include investigating
the moisture state via X-ray [6], neutron tomography [7], the degree of drying of the membrane by
measuring cell resistance using the current interruption method [8], and electrochemical impedance
spectroscopy [9,10]. However, it is difficult to implement these methods in PEMFC systems. Fault
diagnosis and control are various model-based methods [11] that delve into the reaction process of fuel
cell systems and non-model-based methods by utilizing analytical models based on heuristic
knowledge and signal processing techniques [12,13]. For model-based applications, Onanena et al. [14]
proposed a pattern-recognition-based diagnostic approach based on electrochemical impedance
spectroscopy measurements. For non-model-based approaches, Li et al. [15] used a support vector
machine, and Steiner et al. [16] used neural networks to facilitate fault diagnosis. However, these
methods require prior data collection, which demands time and effort to build the system.

Akimoto et al. [17] proposed a curve-fitting method that uses overpotential as a control index to
diagnose and control faults. This method is easy to implement in PEMFC systems, wherein the control
index can be calculated using only the initial and measured values of current, voltage, and temperature.
Another advantage of this method is that it can respond to sudden faults, allowing evaluations to be
performed quickly.

Despite the multiple methods proposed for implementing fault control, they are applicable only
for operating conditions that cause a single fault. Each fuel cell in a stack has different internal
parameters, such as gas concentration, supply pressure, and temperature. As flooding and dry-out tend
to occur on the inlet and outlet side, respectively, two types of faults may coexist in a fuel-cell stack.
When these happen simultaneously, purge control is used to drain water from inside the fuel cell. This
quickens the drying up of the membranes in the other cells. Therefore, early detection of these two
contradictory faults is necessary to control them.

In this study, we propose a preventive control method using a curve-fitting method that uses
overpotential as a control index. The remainder of this paper is organized as follows. Section 2 presents
the configuration of the PEMFC system used in the experiments, along with an overview of the
preventive control method. Section 3 proposes a preventive control method for a single fault and
compares it with a previous study. Additionally, a preventive control method was proposed for two
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mixed types of flooding and dry-out faults. Finally, Section 4 summarizes the conclusions of this study.
2. Experiments and control methods
2.1. Experiments

Figure 1 shows the PEMFC and the control system. A 5-Cell PEMFC stack was used in this study.
The flow channel is serpentine, and the reaction area is 37.8 cm?. Figure 2 shows the IV curve of the
PEMEFC stack. In this PEMFC stack, the maximum output is 38.6 W at 15 A. For each cell voltage
at 15 A, cell 1 has the higher voltage, 0.60 V and cell 4 has the lower voltage, 0.54 V. Pure hydrogen
was supplied in flow mode from a cylinder, and air through a pump. A fan was installed on the stack
for cooling purposes. The cell voltage, stack current, and stack temperature were converted to voltages
and recorded on a personal computer (PC).

Table 1 presents the experimental conditions of this study. The faults assumed were flooding and
a mixture of flooding and dry-out. Only flooding was reproduced at lower operating temperatures and
flow rates. The hydrogen and air flow rates were 0.6 and 3.3 L/min, respectively. The operating
temperature of the cooling fan was 45 °C. Mixed flooding and dry-out were reproduced at higher
operating temperatures and lower flow rates. The hydrogen and air flow rates were 0.4 and 1.4 L/min,
respectively. These parameters for both conditions were adopted from preliminary experiments to
cause the respective faults. The voltage drops due to flooding and dry-out were controlled by the flow
rate and installed fan, respectively.

PC

+ Current, voltage and temperature monitoring
+ Flow rate and temperature control

Electronic|Load

PEMFC

pump
5-cell stack

Flow rate system

Figure 1. PEMFC and the control system.

Table 1. Experimental conditions.

Fault Flooding Mixed flooding and dry-out
Hydrogen [L/min] 0.6 0.4

Air [L/min] 3.3 1.4

Operating temperature [°C] 45 55-75
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Figure 2. IV curves of PEMFC stack and cells.

2.2. Control methods
2.2.1. Preventive control

Preventive control is a method to maintain power by detecting signs of faults, such as flooding
and dry-out, and controlling them in advance. In this study, we propose a preventive control method
that uses overpotential as a control index. Overpotential is the voltage drop associated with an increase
in current density. It is classified into three types based on the factors that cause the power to drop:

activation, ohmic, and concentration. The voltage drop factor can be evaluated by separating each
overpotential type. The activation overpotential is the voltage drop due to the consumption of
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activation energy and the reaction to become an ion. The ohmic overpotential is the voltage drop arising
from the resistance to the transfer of electrons and ions in the electrolyte membrane, electrodes,
separator, and other components of the fuel cell. The concentration overpotential is the voltage drop
caused by a decrease in oxygen and hydrogen concentrations.

To evaluate the power reduction factor, the overpotential was calculated by fitting the curve model
equation with the least-squares method based on the measured values of the cell voltage, stack current,
and stack temperature obtained from the PEMFC. In this study, the curve-model equation [18] in Eq (1)
was used to calculate the overpotential.

V= EO(T) = Nact(r) — Nohmic(t) — Ncon(T) (1)

V [V] is the cell voltage, Eqry [V] is the theoretical voltage, nqcrcry [V] is the activation
overpotential, opmicry [V] is the ohmic overpotential, and 7.ncry [V] is the concentration
overpotential.

The method for calculating overpotential is described below. First, the load is gradually
increased to the constant current to be used in the experiment. At that time, the values of cell voltage
and stack temperature corresponding to the preset current are recorded. In addition, the cell voltage
and stack temperature during constant current operation, which are updated every second, are used for
fitting and IV curves are predicted to calculate each overpotential. These overpotentials were
calculated by PC in Figure 1 using measuring value of PEMFC stack at every second.

Several equations have been proposed in previous studies on curve models, with the simplest by
Kim et al. [19]. Squadrito et al. [20] proposed an equation that used the power of the current density
as a factor in the concentration overpotential term to accommodate the steep voltage. However, these
assume constant temperature and humidity, while the curve model equation employed herein uses
temperature as a variable for all overpotential terms. Thus, it can be considered appropriate for actual
system implementation because the temperature of the fuel cells changes during the operation phase.

2.2.2. Control strategy

In Section 3, the method proposed herein is compared with that in a previous study [17] for a
single fault. Subsequently, the proposed control method under mixed flooding and dry-out conditions
was adopted.

Figure 3 shows the control flow in the preventive and fault-control strategies employed against
flooding. After starting the constant-current operation, the overpotential was calculated every second.
The concentration overpotential was used as a control index since flooding is caused by it. Control
was exercised when the concentration overpotential exceeded the control threshold. In this experiment,
the control threshold was set to 15% of the theoretical voltage Eq(ry. The control method is not a purge
as in fault control, but rather the flow rate of hydrogen and air is increased every 2 seconds by 0.2
and 0.6 L/min, respectively, and when concentration overpotential is no longer calculated (0.001 V),
the control is finished and the flow rate returns to the initial flow conditions.

The fault control method used for comparison was adopted from a previous study [17]. The
control method involved a second hydrogen and air purge (20 L/min) when the threshold value was
lowered. The experiment was conducted at a constant-current operation for 30 min, and four
parameters were compared: the control frequency, stack output, hydrogen consumption, and power
efficiency. The calculation of efficiency is described in Eq (2).
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My = Tape X 100 (2)
where 1,5 [%] represents the power efficiency (Lower Heating Value), W [W] is the stack power,
C [mol/s] represents the fuel consumption, and AH® [kJ/mol] represents the standard enthalpy of the
reaction.

Preventive control (Proposed method)

<Control index> <Control>
Concentration overpotential - The flow rate of hydrogen
<Threshold> and air is gradually increased

Ratio from theoretical voltage Eqr)

Fault control (Previous method)

<Control index> <Control>

Cell voltage Purge control
<Threshold> *1f concentration overpotential is
0.25[V] grater than ohmic overpotential

Figure 3. Outline of the proposed and previous method of flooding.

Figure 4 shows the control flow of the preventive control strategy for a mixture of flooding and
dry-out. Concentration overpotential was used as the control index to control the flooding. The control
threshold 1 in Figure 3 was set at 10% of the theoretical voltage Ey(r) to detect dry-out more quickly.
The control method would increase the hydrogen and air flow rates by 0.2 and 0.6 L/min, respectively,
every 5 seconds until the concentration overpotential fell below the control threshold.

Dry-out is caused by the ohmic overpotential, which is used as the control index. The evaluation
method records the initial ohmic overpotential after starting a constant-current operation and calculates
the difference from the ohmic overpotential during operation. This difference is used as the control
threshold 2 in Figure 3. This is because the ohmic overpotential is proportional to the current value;
therefore, its value changes depending on the current during the operational phase. The control
threshold of ohmic overpotential in this experiment was set to 0.075 V. When the value exceeded the
control threshold, the fan cooled the temperature down to 60 °C, and when it fell below the control
threshold, preventive control was suspended.
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Figure 4. Control flowchart to prevent mixed flooding and dry-out.
3. Results and discussion
3.1. Comparison between the proposed method and previous study for single fault

Figure 5 shows the transition of Cell 4 voltage in preventive and fault control methods. In this
stack, flooding was often detected in Cell 4. Flooding is detected at cell voltages around 0.25 V in fault
control method, whereas in the preventive control method, it is detected at cell voltages around 0.45 V,
which restrain the cell voltage drop.

Figure 6 compares the hydrogen and air flow rates, Cell 4 voltage and concentration overpotential,
in the preventive control method from 1400 to 1500 s. From 1400 s, the concentration overpotential
increased as the cell voltage decreased and reached the control threshold at 1448 s. At 1400 s, the cell
voltage and concentration overpotential were 0.556 and 0.029 V, respectively. The control measures
were implemented at 1449 and 1457 s. When the cell voltage increased (0.602 V) and the concentration
overpotential decreased (5.65 x 10° V), the control measures were suspended.

Table 2 shows the efficiency and parameters of each control method during the constant-current
operation. The control frequency is higher for the preventive control method at 54 times and the fault
control method at 6 times, but the stack output power is higher and the hydrogen consumption is lower
than that of the fault control method. The efficiency of the preventive control method was 1.4% higher
than that of the fault control method at 26.5%, compared to 25.1% for the fault control method.

Based on these results, the proposed method detects flooding earlier than the fault control method
using the concentration overpotential as a control index. Therefore, it has the advantage of average
output power. Additionally, the operation could be performed while increasing the power efficiency as
hydrogen consumption was suppressed by gradually increasing the flow rate unlike the purge control
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method used in the previous study.

0.8
0.7
0.6
0.5
0.4
Q0.3

0.2

0.1

—e—Preventive control  —=—Fault control

Itage [V]

VA

0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]

Figure 5. Comparison of Cell 4 voltage in preventive and fault control.

Table 2. Comparison of proposed and previous study method.

Method Preventive control Fault control
Control frequency [Times] 54 6

Average power output [W] 30.7 30.1
Hydrogen consumption [L] 19.4 19.9
Efficiency [%] 26.5 25.1

Hydrogen —e—Air

| ol .

Flow rate [L/min]
o P N W b~ 01O

1400 1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
Time [s]

(a) Hydrogen and air flow rates.
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Figure 6. Hydrogen, air flow rate, Cell 4 voltage, and concentration overpotential in the
preventive control method from 1400 to 1500 seconds.

3.2. Preventive control of mixed faults in the proposed method

Figure 7 shows the voltage and temperature transitions for all the cells under the preventive
control method. All cells were maintained at the voltage of 0.35 V until 1100 seconds. Table 3 shows
number of control frequency for the proposed method. In this experiment, dry-out was detected 7 times
and flooding was detected 3 times. Figure 8 shows the voltage and ohmic overpotential of Cell 2 with
temperature and dry-out control from 400 to 1000 s. The dry-out was detected three times: from 539
to 650 s, from 758 to 816 s, and from 860 to 927 s. The initial ohmic overpotential of Cell 2 in this
experiment was 0.137 V. As the temperature increased from 400 to 539 s, the cell voltage decreased
from 0.438 to 0.372 V, and the ohmic overpotential increased from 0.164 to 0.220 V. From 539 to 650 s,
the fan was controlled to suppress the decrease in cell voltage. This behavior is evident from 813 to 927
s: from 813 to 860 s, the temperature increases from 62.2 °C to 67.7 °C, the Cell voltage decreases
from 0.425 to 0.392 V, and the ohmic overpotential increases from 0.194 to 0.210 V. From 860 to 927 s,
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fan control increased the cell voltage to 0.440 V and decreased the ohmic overpotential to 0.183 V.

Because stable operation was possible with the cooling fan during all periods, it is considered that
the membrane got dried when operating at a high temperature. The difference in the internal condition
of the stack before control was considered to be the cause of the output increase due to the cooling fan
during the third control at 860-927 s. In this experiment, dry-out was detected for the first time at 539—650
s. Moreover, the fan control involves temporary cooling. Therefore, from the second detection onwards,
residual heat remained in the stack compared to the first control at 539-650 s, so the membrane was
more likely to dry. Furthermore, the fact that the stack temperature rises earlier after the second control
at 758-816 s also indicates that the latter is drying the membrane. Consequently, the control frequency
of the cooling fan also increased, prompting an increase in the cell voltage during the third control
at 860927 s. Furthermore, the voltage of Cell 5 was 0.477 V at 758 s, but increased to 0.512 V at 927
s due to the cooling fan control.

——Cell1 [V] Cell2 [V] Cell3 [V] Cell4 [V] ——Cell5[V] —=— Temperature [°C]

0.8
o T - *WM o
_06 60

3
% 05 50 g
2 40 8
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: 20 ~
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0.1 . . . . . 0

0 200 400 600 800 1000
Time [s]

Figure 7. Comparison of each cell voltage and stack temperature.

Table 3. Comparison of each failure control frequency in proposed method.

Method Preventive control
Control frequency of dry-out [Times] 7
Control frequency of flooding [Times] 3

Figure 9 shows the voltage and concentration overpotential of Cell 1 with hydrogen, airflow, and
flooding control from 950 to 1115 s. At 1091 s, the concentration overpotential exceeds the control
threshold for the first time. The cell voltage and concentration overpotential in Cell 1 were 0.369
and 0.152 'V, respectively. The cell voltage increased at 0.511 V, and the concentration overpotential
at 3.68 x 107 V decreased via flow rate control. The cell voltage is increased by controlling the flow
rate. However, at the third control time, despite the increase in cell voltage, the flow control continued,
and the voltage dropped. This was because flooding was detected in other cells. Figure 10 shows the
voltage and concentration overpotentials of cell 5 from 1090 to 1115 s. The concentration overpotential
exceeded the control threshold of 1104 second. Control was initiated, and the cell voltage increased
at 1105 s, but then gradually decreased. It is thought that the cell membrane accelerated drying via the
continued flow rate control.
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Figure 8. Stack temperature, Cell 2 voltage, ohmic overpotential from 400 to 1000 s.
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Figure 9. Hydrogen, air flow rate, Cell 1 voltage, and concentration overpotential
from 950 to 1115 s.
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Figure 10. Cell 5 voltage and concentration overpotential from 1090 to 1115 s.
4. Conclusions

In this study, a preventive control method using overpotential as a control index was proposed
that can diagnose and avoid contradictory faults in the stack to ensure stable operation of the fuel cell
systems. The proposed method is easy to implement in a PEMFC system because the control index
can be calculated by measuring the current, voltage, and temperature and can be evaluated quickly.

For a single fault, we compared the method proposed in this study with a previous study on
flooding. The preventive control method detected flooding earlier than the fault control method by
using the concentration overpotential as the control index and improved the voltage of Cell 4.
Additionally, although the control frequency increased, hydrogen consumption was suppressed by
gradually increasing the flow rate unlike the purging control method. Furthermore, the system was
superior in terms of the stack power output and power efficiency. This showed that not only could
faults be avoided in advance, but the system could also be operated while improving the power
efficiency.

Under conditions of mixed flooding and dry-out, both flooding and dry-out were detected using
the concentration overpotential for flooding and the difference between the ohmic overpotential after
the start and during operation, as the control index for dry-out. The voltage of Cell 1 was improved
for flooding, and that of Cell 2 was improved for dry-out. As a result, we were able to maintain more
than 0.35 V in all cells until 1100 seconds.

From these results, because the proposed method initiates control measures before the fault
progresses, stable operation is possible. Furthermore, it can be integrated with other control systems,
increasing the reliability of the fuel cell system.
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