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Abstract- The lifetime and cost are two bottlenecks in the 

widespread use of fuel cells. Increasing the lifetime of the fuel cell 

can also counteract the cost justification bottleneck. However, this 

depends on the method of extending the life of the fuel cell. The 

durability of Polymer Electrolyte Membrane Fuel Cells 

(PEMFCs) can be improved using a management system. This 

management system must control the operating condition of cells 

or cell groups in such a way that the electrochemical and fluidic 

instabilities can be avoided to improve the lifetime of a stack. 

Developing this Fuel Cell Management System (FCMS) is 

challenging due to the coupling between cells inside a stack. In this 

paper, an FCMS is proposed. It can detect the instability of cell 

groups and change their reference power based on the detected 

instabilities. Since a mathematical model has a high ability to 

describe the phenomena occurring in a fuel cell, this paper uses a 

model to describe its operating conditions. The reference power of 

the cell groups can be changed using a developed power electronics 

structure. The last piece of the FCMS puzzle is to develop a 

management strategy. This strategy is developed in this paper. 

Eventually, the proposed system is evaluated experimentally. The 

experimental results validate the effectiveness of the proposed 

system. 

Keywords: Fuel cell management system, Polymer 

electrolyte membrane, Power electronics, Fuzzy logic control. 

1. INTRODUCTION

Regarding the environmental problems of fossil fuels in 

electricity generation and the barriers in using renewable 

energy resources for any type of application, new ways in 

generating or storing electricity are inevitable [1–3]. The recent 

approach to Polymer Electrolyte Membrane Fuel cells 

(PEMFCs) proves this fact. However, cost and durability are 

two bottlenecks in the widespread use of this technology [4–6]. 

These barriers can be attributed to the used materials, low 

voltage of a cell, and the reaction products. Increasing the 

durability of PEMFCs can be done by replacing the used 

materials with cheaper and more durable materials or by using 

a Fuel Cell Management System (FCMS). The advantage of the 

FCMS is the possibility of using it for existing fuel cell systems 

[5,7–9].  

1.1. Literature review 

An online prognostic or diagnostic can be used to develop 

such a management system [7–10]. Generally, the prognostic or 

diagnostic methods can be divided into three groups: model-

based, data-driven, and hybrid methods  [9,11,12]. The major 

challenge in using the prognostic method is its need for vast 

Fuel Cell (FC) performance results under different operating 

conditions. The non-model-based diagnostic methods are 

divided into three groups: knowledge-based methods [13–15] 

signal-based methods [16], and hybrid methods [17]. The 

knowledge-based methods can be divided into two groups [11]: 

Artificial Intelligence methods [13,14], and statistical methods 

[15]. The non-model-based methods demand a database of 

different operational conditions to be trained. Therefore, these 

methods are time-consuming and they can cause irreversible 

damages to the faulty systems during the training time[11]. Due 

to a direct link between physical models and the FC 

phenomena, they can be very useful for developing a 

management system [18]. Besides, the model-based approach 

can provide degradation information about the internal physical 

parameters during the operation [19]. The models developed for 

FCs can be categorized into three groups: white-box [20], grey-

box [21–23], and black-box [24–27]. The white-box models are 

the most complex ones and they are difficult to use in real-time 

whereas, the black-box models show a lack of genericity and 

are still for offline applications or they can be used to identify 

some of the fuel cell faults [27]. The grey-box models replace 

some of the complex equations in the white-box models with 

empirical equations or mapping tables. Some of the grey-box 

models can provide vast information on the FC phenomena in 

real-time.  

In this direction, many efforts have been made in the literature 

to increase the durability of PEMFCs recently. In [28], the 

PEMFC performance was improved through a developed 

Energy Management System (EMS). The EMS shared the load 

power between the PEMFC and a Super Capacitor (SC) bank, 

taking into account the safe operating zone of the PEMFC. This 

zone was online estimated through an extremum-seeking 

method. In [29] a dynamic optimization strategy was proposed 

based on a proposed prognostication method of the remaining 

useful life of a solid oxide FC to minimize voltage degradation 

and maximize efficiency over the remaining useful life of the 

FC.  An online energy management strategy based on a grey-

box model and Kalman filter was proposed for a multi-stack FC 

to obtain maximum efficiency in [30]. This method led to more 

uniformity of degradation between the stacks. In [31], a control 

strategy based on multi-objective optimization and tracking the 

lower oxygen excess ratio was proposed to enhance the 

performance of a PEMFC. At the higher level of this method, 

the oxygen saturation and its conflict on the efficiency and 

maximum power were considered to evaluate the performance 

of the PEMFC. The lower level was for tracking the oxygen 

excess ratio to cope with the uncertainty of the PEMFC. The 
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system performance and its safety were improved by this 

method. In [32], the net output power of a PMFC through a 

sliding mode variable structure control was improved as an 

approach in improving its performance. A model was utilized 

to find a relation between the net output power with the 

temperature, fan power consumption, and load current. This 

method had better results compared to the conventional PID 

controller. In [33], an online nitrogen concentration observer 

was developed based on a mathematical model to improve the 

durability of a PEMFC through periodically purging anode. The 

experimental results proved the higher hydrogen utilization 

along with protecting the PEMFC. A diagnostic method based 

on wavelet transform of the stack voltage was developed in [34] 

that could identify different faults and their severities. They 

could distinguish different faults relating to the system 

auxiliaries but they didn’t propose any approach to deal with 

the detected faults. In [35], a prognostic approach based on the 

recurrent neural network was developed for the PEMFC as an 

approach in output voltage degradation prediction. They 

claimed that this method will be used for developing health 

management in future work. Similarly, an artificial 

intelligence-based prognostic method was developed to 

estimate the remaining useful life of the PEMFC in [36], and it 

was claimed that this method will be used in future work to 

develop an energy and humidity management system. 

However, due to the learning procedure used in these methods, 

it will be time-consuming to develop such methods.   

1.2. Problem statement and contribution 

To improve the lifetime of a PEMFC, all of the 

aforementioned studies have considered it as a stack without 

considering its forming cells. The high number of cells inside a 

fuel cell stack can lead to different problems. The unsuitable 

assembly process of the stack can exacerbate the creep, material 

fatigue, the generation of cracks, and degradation of the seals 

[37]. For instance, the sealing degradation can lead to an 

increase in hydrogen crossover which is an indicator of fuel cell 

aging [38]. The large heterogeneity of the gas distribution 

between the cells inside a large stack is more conceivable [39]. 

Besides, the resistance of the cells in the middle of a stack may 

increase faster than the other cells [4] and due to the 

temperature misdistribution, the performance of the middle 

cells is lower than the side cells [4]. As a result, they could be 

at a different level of degradation. The cells inside a stack are 

electrically connected in series and thermally coupled. 

Therefore, the lifetime of a stack depends on the life of its cells. 

Due to the thermal coupling, the problem is more severe for a 

stack compared to a single cell. As seen in Fig. 1, the over-

temperature of one cell related to its degradation level can 

influence the adjacent cells and create a temperature gradient 

for them. Since more water is evacuated from the colder side  

[40,41], more water is accumulated in the anode and cathode 

channels of the previous cell (Cell1) and next cell (Cell3) 

respectively. In this condition and since the cells inside a stack 

are under the same pressure drops inside their channels, the 

water can clog the channels and hydrogen starvation and 

oxygen starvation are quite conceivable for the previous and 

next cells respectively. Hence, a faulty cell can influence the 

whole stack. Hence, managing the whole stack has little impact 

on such phenomena. Since the flooding and drying conditions 

are the main reason for degradation [7], these two main causes 

of cell failure are considered as faults in this paper. The 

flooding condition can lead to fuel or oxygen starvation. The 

fuel starvation results in a higher potential of cathode and 

induced carbon corrosion that eventually leads to reduction of 

the electrode thickness and destroy the porous structure [42]. In 

[43], carbon corrosion was considered as the main reason for 

degradation as a consequence of fuel starvation because CO2 

was detected at the outlet of the cathode when a cell is under 

the condition of fuel starvation. In [4], it was proved by 

simulation that the amount of oxygen, which transfers to the 

anode in a cell under the fuel starvation condition, has a direct 

impact on the carbon corrosion rate [44]. The drying condition 

can lead to membrane rupture.  

Using the concept of multi-stack management that can 

improve the cost and lifetime of the system [6], the main 

contribution of this paper is to develop an FCMS that changes 

the operating conditions of cell groups inside a stack according 

to their state to prevent them from moving toward an instability 

or fault. As a result, all cell groups will degrade together and 

the overall life of the stack will increase. Regarding this 

contribution, an online simple dynamical model that provides 

information about the cells inside a stack is required. This 

model was developed in our recent study [45]. . The required 

stack and power electronics structure were developed in [46] 

and [8] respectively. The last ring in the chain is the 

management strategy that should change the operating 

condition of cell groups based on the model results and using 

the power electronics structure is developed in this paper. A 

Fuzzy Logic Controller (FLC) based management system is the 

other contribution of this paper.  

1.3. Paper organization 

The rest of this paper is organized as follows: The 

management system is detailed in Section2. The proposed FLC 

controller is also explained in this section. The experimental 

results are provided and analyzed in Section 3. Finally, the 

conclusions are listed in Section 4. 

 

Fig. 1. Propagation of the instability of a single cell to its adjacent cells . 



2. METHODOLOGY- SYSTEM CONFIGURATION 

 The schematic diagram of the system to implement the 

proposed FCMS is depicted in Fig. 2. As depicted in this figure, 

power electronics were developed in our recent study [8]. The 

control system part of this figure is shown in Fig. 3. As 

demonstrated in this diagram, the reference power of different 

cell groups inside a stack is adjusted by the management 

strategy which is the main contribution of this paper. The 

control loop, power electronics structure, and control system 

boxes in this figure were developed and explained in [7,8]. The 

real-time simulation model of PEMFC was developed in [45]. 

Based on the developed model, the instabilities of the cell 

groups inside one stack can be detected. The results of the 

proposed method must lead to commands which can drive the 

power electronics structure. The FC model is a grey-box model 

that couples the mass, heat, and charge transfer mechanisms. 

The input/output parameters of the model are shown in Fig. 4 

along with the state variables. As seen in this figure, the voltage 

of the cell can be obtained as a function of its current and vice 

versa.   
 In addition to the current or voltage as input, the temperature 

of the adjacent cell groups, the cooling temperature at the anode 

and cathode side, the pressure drop inside the channels, the 

relative humidity at the anode channel inlet, and the 

concentration at the cathode channel inlet are the inputs of this 

model. Indeed, the voltage (or current) of a cell is calculated by 

the following equation in the proposed PEMFC model: 

cellU R Iφ Ω= −  (1) 

where is Ucell is the voltage of a cell, I is its current, R is its 

ohmic resistance, and φ  is its potential which can be calculated 

by considering the double layer effect as follows: 

dlC dl

d
I C

dt

φ= −  (2) 

where Cdl is the double-layer capacity of the cell and 
d lCI is the 

passing current through the double-layer capacitance of the cell 

which can be calculated by using the following equation: 

  

2 2\dl

f
C H O O

I I I= −  (3) 

where 
2 2\

f

H O O
I is the faradic current which can be calculated 

from Butler-Volmer law [47]. This current requires the 

concentration of oxygen and water vapor inside the electrodes. 

The concentration of oxygen in the cathodic electrode (
2

,c el
O

C ) 

can be calculated based on its concentration inside the cathodic 

channel (
2

,c ch
O

C ) as follows: 

2 2 2

, ,

4

diffc el c ch
O O O

I
C C R

F
= −  (4) 

where F is the faradic constant, I/4F is the oxygen consumption 

rate, and
2

diff

O
R  is the oxygen diffusion resistance that its value 

depends on the cathodic compartment temperature. The thermal 

resistances along with three heat fluxes were used to calculate 

the temperature in the anode, cathode, and Membrane Electrode 

Assembly (MEA) as described in [41]. It should be noted that 

the thermal effect of the adjacent cells and cooling fluid were 

also modeled by thermal resistances. The heat flux in the MEA 

( MEAφ ), anode (
th
aφ ), and cathode (

th
cφ ) can be calculated as 

follows: 

22
MEA H cell
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a a v

th
c c v

I
LHV U I
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Df L

φ

φ
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 = −

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
 =

 (5) 

 

Fig. 4. Block diagram of the reduced-order transient PEMFC model. 
 

Fig. 3. Block diagram of the proposed control system. 

 

Fig. 2. Schematic diagram of the FCMS . 



where 
2HLHV is the lower heating value of Hydrogen (242 

kJ/mol), I/2F is the Hydrogen consumption rate, vL  is the 

latent heat of the water (Lv=40.68 kJ/mol), and aD f and cD f  

are the water phase change flow rates in the anode and cathode 

channels. The heat and oxygen transfer models depend on the 

water transfer model. A diphasic flow-based water transfer 

model was developed and described in detail in [45] which was 

based on the Springer model [48]. It should be noted that the 

water transfer model has a relation with the heat transfer model.  

The proposed model can be used to emulate the behavior of a 

PEMFC. Using the current and voltage of the cell as the input 

of this model can make it stronger for estimating the state 

variables. Therefore, the proposed model with measuring 

voltage and current is used as the PEMFC RT-Simulation part 

of Fig. 3. Since the pressure drop is imposed in this model, it 

can simulate the behavior of a single cell inside its stack 

environment. Based on this model and given the pressure drops 

inside the channels, the Hydrogen flow rate (
2

in
H

N ) and airflow 

rate 
in
airN   at the inlet of the channels can be calculated and as 

a result the stoichiometry of Hydrogen (
2HSt ) and Oxygen (

2OSt )as follows: 

2

2

2

2

0.21

4

in
H

H

in
air

O

N
St

I
F

N
St

I
F


 =





=
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 (6) 

The idea of cell instability detection is to trace some 

parameters of the PEMFC model. The deviation of these 

parameters from their average values between the cell groups 

can be interpreted as different instabilities. Then, the desired 

decisions are taken and the power injected by the cell groups is 

adjusted to cure the defected cell groups. Three model 

parameters (stoichiometry of Hydrogen (StH2), the 

stoichiometry of Oxygen (StO2), and the water content of the 

membrane (λm)) have a link to the drying and flooding 

conditions are used to detect the cell instabilities. The water 

content is the number of water molecules in the active site of 

(���
�). Reducing this parameter can be an indicator of drying. 

However, this parameter is not useful to detect the gas 

starvation problems that originated from the flooding 

conditions of cell groups. The origin of the gas starvation is 

inside the gas channels. As a result, the stoichiometry of 

Oxygen and Hydrogen is used to detect the flooding condition 

of cell groups and to distinguish which part of the cell was 

drowned. The main reason for choosing these two parameters 

is their direct relation with the liquid water level inside the 

anode and cathode channels. Because of the strongly nonlinear 

relationship of these parameters with the corresponding 

phenomena and the value of injected power by cell groups, FLC 

with a lower level of complexity is utilized to change the cell 

operating conditions based on selected parameters. Robustness, 

fast performance, and design simplicity are among the most 

important advantages of this method [2]. 

The block diagram of the management strategy is depicted in 

Fig. 5. As seen in this figure, the three model parameters from 

the RT-simulation are normalized by their average value 

between cell groups. These normalized values are the inputs of 

the FLC. The normalized value of the injected electrical power 

change by different cell groups (Δ���) is the output of the FLC. 

The total power supplied by different cell groups must be equal 

to the demanded total reference power by the SC bank 

controller in the steady-state. However, each group of cells has 

its FLC and Δ�� and as a result, the sum of reference powers is 

not necessarily equal to the demanded total reference power by 

the SC controller. Therefore the last part of this management 

approach assures that the total power supplied by cell groups to 

be equal to the total reference power (�	
��
���) in steady-state 

imposed by the SC voltage control loop while considering the 

maximum injectable power of cell groups. As seen in this 

figure, � is used to limit the maximum amount of injected power 

change. This parameter has a value between zero and one. In 

other words, �	
��
��� �⁄  (where n is the number of cell groups) 

and � are used to convert the normalized value of electrical 

power change to an absolute value. The reference powers 

(�����) is controlled by the control loops explained in [8]. The 

FLC should be slow enough (slower than the control loops i.e. 

the SC voltage controller) to respect the dynamic of the PEMFC 

and to not impact the SC voltage controller. This strategy sees 

the electrical power modifications as an external perturbation 

and can reject its impact on the total power which must be 

injected by the cell groups to stabilize the voltage of the SC in 

the steady-state.  

A. FLC 

The FLC method consists of four main parts: 1) fuzzification, 

2) rule-based reasoning, 3) inference and 4) defuzzification. 

The FLC inputs turn to fuzzy language in the fuzzification part. 

Then the outputs in the inference section are made based on the 

laws in the rule-base. In the Defuzzification part, quantifiable 

 

Fig. 5. Block diagram of the FCMS strategy. 



results are produced from the outputs of the inference part [2]. 

Mamdani-type FLC consists of five steps: Fuzzification, apply 

fuzzy operator, apply the implication method, apply the 

aggregation method, and defuzzification [49]. 

The membership functions of the inputs and output of the 

FLC are shown in Fig. 6. Mamdani fuzzy inference system is 

used to implement the FLC. For the sake of simplicity, the 

number of membership functions for each input and output was 

tried to be as low as possible. These functions and their intervals 

were obtained through a trial and error procedure in which the 

following equation was tried to be minimized: 

( ) ( ) ( )2 2

2 22

1

1
1 1 1

3 i i i

n

m H O

i

Error St St
n

λ
=

= − + − + −∑  
(7

) 

Through this trial and error procedure, different membership 

functions with different intervals were utilized. However, the 

rule base was the same for all of them. For each one, the 

simulation was iterated for the normal, drying, and flooding 

conditions of the first cell group while the other groups were in 

normal condition. The utilized membership functions with the 

minimum oscillation results during the transient condition were 

compared by their static error based on (7) and the best one was 

adopted. 

The universe of discourse for the inputs and output of the FLC 

is shown in Table 1. This table was adjusted relying on the 

expert information and based on the experiences that were 

conducted in LEMTA Laboratory. As seen in Table 1, the 

electrical power change is primarily affected by the normalized 

value of the water content when this value is less than one. The 

next priority in changing the injected power of the cell belongs 

to the normalized value of Hydrogen stoichiometry. These 

priorities were adopted based on their impact on cell 

degradation [50]. More precisely, the Negative (N) water 

content means the cell is about to be dried (or is already dried) 

and thus the power should be increased to produce more water 

(to reduce the cell stoichiometry). However, the magnitude of 

this change depends on the two other inputs of the FLC. The 

Negative (N) stoichiometry means that a high amount of liquid 

water appeared in the channels and therefore, the power should 

be decreased to produce less water (to increase the 

stoichiometry). Conversely, the Positive (P) Stoichiometry 

means that the cell is about to be dried. The electrical power of 

the cell should be increased to reduce the stoichiometry when 

the stoichiometry is Positive. The Zero (Z) state of the inputs 

means that they have a normal value and as a result, the supplied 

power should not be changed (Z or Zero) in this case. For 

instance, the change in the output power is Positive Big (PB) 

when the water content is Negative (N) and one of the 

 

Fig. 7. Test bench of the proposed system. 

Table 1. Rule base of the fuzzy logic controller 

RULE NO. If StH2 & If StO2 & If  λm Then ΔPe RULE NO. If StH2 & If StO2 & If  λm Then ΔPe 

1 Z Z Z Z 10 Z Z N PB 

2 P Z Z PS 11 P Z N PB 

3 N Z Z NS 12 N Z N PS 

4 Z N Z NS 13 Z N N PS 

5 P N Z Z 14 P N N PB 

6 N N Z NB 15 N N N PS 

7 Z P Z PS 16 Z P N PB 

8 P P Z PB 17 P P N PB 

9 N P Z Z 18 N P N PS 

  

Fig. 6. Membership functions: inputs (
2HSt , 

2OSt , and mλ ) and 

output ( eP∆ ). 



stoichiometries or both of them are Positive (P). The output 

power change is kept PB even when the oxygen stoichiometry 

is Negative (N) and two other inputs are Positive (P) due to the 

priority of the water content and hydrogen stoichiometry. Due 

to considered priorities, the output power change is Positive 

Small (PS) when the stoichiometry of hydrogen and oxygen are 

respectively Negative (N) and Positive and the water content is 

Negative (N).  Notably, a separate FLC with the same features 

is used for each group of cells, and the FLC runes every 100 s.  

3. RESULTS AND DISCUSSION 

 To validate the proposed FCMS, a testbench was developed 

in LEMTA Laboratory. As seen in Fig. 7, four programable 

power supplies were used to emulate cell groups based on the 

proposed model but with just measuring the current of the cell 

and obtaining its voltage based on (1) to control the output 

voltage of programmable power supplies. It should be noticed 

that The cell groups are not thermally connected (to each other) 

for the sake of simplicity in result assessment. The temperature 

of the adjacent cells for each group of cells is equal to 60 °C. 

The first group is considered the defective group. Each group 

Table 3. Parameters of the FC model. 

Parameter Value Unit description Parameter Value Unit description 

L 0.3 m  Length of the active area ,c che   0.29 mm 
Cathode channel 

depth 

W 0.01 m  Width of the active area ,a che   0.12 mm 
Anode channel 

depth 

GDLe   2.5×10-4 m  Thickness of the GDL ρdry 2020 3
kg

m
 

Volumetric mass 

of the dry 

membrane 

GDLλ   0.3 W
m K°  

Effective thermal conductivity 

of GDL 
EW 1.1 kg

mol
 

Equivalent weight 

of the membrane 

MEAρ   2020 3
kg

m
 Volumetric mass density of 

MEA 
ξ   0.45 - 

Electro-osmosis 

coefficient 

MEAC   1000 J
kg K°  Specific heat capacity of MEA eR   20 m Ω

.cm2 

Electrical 

resistance of the 

cell 

MEAe   5×10-5 m  Thickness of the MEA dlC   0.2  F/cm2
 

Double-layer 

capacity of the cell 

Dm 6×10-6 
2

m
s

 

water diffusion coefficient 

through the membrane without 

the temperature effect 

γ   200 - 
Roughness factor 

of the electrode 

2

,a GDL
H O

D  2.5×10-5 
2

m
s

 

Water diffusion coefficient 

through the anodic GDL without 

the temperature effect 

2 2\
0
H O O

I   0.05 2
A

m
 Exchange current 

density 

2

,c GDL
H O

D  1.2×10-5 
2

m
s

 

Water diffusion coefficient 

through the cathodic GDL 

without the temperature effect 
2 2\

ref
H O O

E   0.95 V 
Standard cell 

potential 

2

0,GDL
O

D  1.2×10-5 
2

m
s

 
Oxygen diffusion coefficient at 

temperature T0 
,

\2 2

ox Pt
H O O

α   1 - 
Anodic charge 

transfer coefficient 

pρ   2000 3
kg

m
 Volumetric mass density of the 

plate 
,
\2 2

red Pt
H O O

α   1 - 
Cathodic charge 

transfer coefficient 

pC   7200 J
kg K°  Specific heat capacity of plate a

gk   2.87×10-15 3m  Model parameter 

pe   2×10-3 m   c
gk   3×10-14 3m  Model parameter 

th
f

R   10th
GDLR  W/°C 

Thermal resistance with the 

cooling fluid 

a a
gliq

c c
gliq

k k

k k

=

=
 

15

14

2.87 10

3 10

−

−
×

×
 3m  Model parameter 

th
cR   10th

G DLR  W/°C 
Thermal resistance with the 

adjacent cells 
α  3 - Model constant 

 

Table 2. Control parameters. 

Parameter Unit Value 

� - 0.3 

������
 Rad/s 2π 

KP - 0.1 

KSC Rad/s 0.2π 

KISC Rad2/s2 0.01 

�����
 Rad/s 0.1π 



consists of seven cells that are connected in series. The control 

parameters are shown in Table 2. To control the programable 

power supply and the power electronic structure, and to realize 

the FCMS, the dSPACE 1005 was used. Besides, a constant 

resistive load was used in this testbench. It should be noted that 

the temperature, flow rates, saturation levels, and cell voltages 

are obtained from the models which emulate the cell groups by 

using the programmable power supplies. The other results are 

obtained from the model (by measuring the voltage and current) 

which is used as a part of FCMS.  

To verify and validate the proposed FCMS, two experiments 

are performed. In these experiments, all of the four cell groups 

are in the normal condition until 500 s. The boundary 

conditions of the first group are changed at 500 s to simulate a 

fault. It should be declared that the boundary condition of the 

first cell is just changed in the model which was used to emulate 

the first cell group and control the programmable power supply. 

In the first experiment, the drying condition of the first group 

is emulated by increasing the cooling fluid temperatures of the 

first group.  A step of 15 degrees of Celsius increases the 

cooling fluid temperatures from 60 ºC to 75 ºC at 500 s and the 

same step decreases the temperatures from 75 ºC to 60 ºC at 

5500 s. The applied pressure drop in the anode and cathode 

channels of cells is equal to 4000 Pa. The dew point temperature 

at the cathode and anode inlets are applied with bubblers at 

46°C (anode side) and 52°C (cathode side). In this experiment, 

the FCMS runs after 1000 s. The current passing through the 

cell groups is fixed to be around 15 A in the normal condition 

of the cell groups by applying an appropriate load power. The 

PEMFC model parameters are shown in Table 3. The other 

model parameters and the boundary conditions are kept the 

same as [45]. 

 The normalized and absolute values of the FLC inputs are 

respectively shown in Fig. 8 and Fig. 9. As seen in these figures, 

the FCMS runs after 1000 s and can improve the state of the 

first group. The inputs of the FLC and the reference of powers 

in a steady state without utilizing the FCMS are compared to 

their values in steady-state with utilizing the FCMS in Table 4 

based on Fig. 8 and Fig. 9. In this table, the relative error for 

each parameter can be calculated by (8). This table shows that 

a 4% modification of water content dispersion is obtained at a 

cost of increasing the power dispersion by 12%. 

( )
1

1

( )
Re

max ,

other groups
x

other groups

abs x x

x x

−
=  (8) 

In this equation, Rex is the relative error of the x (x can be the 

membrane water content, hydrogen stoichiometry, oxygen 

stoichiometry, or injected power) and the index of x indicates 

the cell group. 

The temperature of the cell groups is shown in Fig. 10. The 

appearance or disappearance of liquid water takes time. 

Therefore, the stoichiometry of hydrogen and oxygen has a 

transient state when the temperature of the cooling fluids is 

changed. The temperature rise influences gas viscosity and 

water vapor flow rate before changing the amount of liquid 

water. As a result, the stoichiometry of the gases is primarily 

decreased due to the viscosity changes and the increase of the 

water vapor flow rate. Then, it increased due to the 

disappearance of the liquid water from the channels. As shown 

in Fig. 11, the dry gas flow and the saturation level inside the 

channels verify this theory. The same reason is behind the 

 

Fig. 8. Experimental results of the normalized value of the FLC inputs and the reference power that should be injected by the cell groups when the 

cooling fluid temperatures of the first group increased from 60 ºC to 75 ºC at 1000 s and decreased to its nominal value of 60 ºC at 5500 s (The air and 

hydrogen pressure drops are applied). 



increase of stoichiometry when the cooling fluid temperatures 

return to their nominal value at 5500 s. As seen in Fig. 11, the 

saturation levels increased from zero to their nominal value at 

5500 s. As a result, the dry gas flow rates primarily increased 

due to the change of viscosity and water vapor flow rate. Then, 

it decreased to its nominal value due to the saturation level 

change.   

Briefly, due to the temperature rise at 500 s (Fig. 10), the 

water saturation in the anode and cathode sides of the first 

group decreases to zero (Fig. 11). This lower saturation level 

 

Fig. 10. Experimental results of the cell temperatures when the cooling fluid temperatures of the first group increased from 60 ºC to 75 ºC at 1000 s 

and decreased to 60 ºC its nominal value at 5500 s (The air and hydrogen pressure drops are applied). 

 

Fig. 9. Experimental results of the FLC inputs and the cell voltages when the cooling fluid temperatures of the first group increased from 60 ºC to 75 

ºC at 1000 s and decreased to 60 ºC its nominal value at 5500 s (The air and hydrogen pressure drops are applied). 



leads to the gas flow rate increase (Fig. 11).  Therefore, the 

stoichiometry of hydrogen and oxygen increased as shown in 

Fig. 9. The gas flow rates and consequently the stoichiometries 

are initially reduced due to the delay in the disappearance of the 

water droplets. The decrease in the flow rates is due to the 

viscosity change due to temperature change and the change of 

the vapor water flow rate. Then, the water droplets disappear 

and as a result, the flow rates decreased. The membrane water 

content of the first group is also depicted in Fig. 9. The water 

content decreased due to the cooling fluid temperature rises. 

This reduction makes the membrane more resistive and as a 

result, the cell voltage of the first group decreased (Fig. 9). This 

condition is the drying condition. The FCMS consequently 

increases the electrical power injected by the first group to 

produce more water. It should be noted that decreasing the local 

stoichiometry can also deal with this issue. However, this 

power rise leads to reducing the stoichiometry of hydrogen and 

oxygen. Because of this drastic reduction of the oxygen 

stoichiometry, the FCMS slightly reduces the injected power by 

the first group. To keep all three inputs of the FLC at the closest 

possible value to one, the FCMS has reached the final value of 

injected powers by the cell groups after some oscillations in 

transient conditions.   

The demanded total reference power by the SC controller 

(PTotalref) and the total supplied power (�	
��
 � ∑ �����
�
��� ) is 

shown in Fig. 12 during this experiment. Since the FCMS runs 

 

Fig. 12. Experimental results of the SC voltage, the reference of total power, and the total power injected by cell groups when the cooling fluid 

temperatures of the first group increased from 60 ºC to 75 ºC at 1000 s and decreased to 60 ºC its nominal value at 5500 s (The air and hydrogen 

pressure drops are applied). 

P
o
w

e
r 

(W
)

V
o
lt

a
g
e
 (

V
)

 

Fig. 11. Experimental results of the saturation level inside the channels and dry gas flow rates when the cooling fluid temperatures of the first group 

increased from 60 ºC to 75 ºC at 1000 s and decreased to 60 ºC its nominal value at 5500 s (The air and hydrogen pressure drops are applied). 



after 1000 s, a difference appears between these powers. As 

seen in Fig. 8, the first power is increased by the FCMS by 

changing the Δ���. In this case, if the PTotalref stays constant, the 

�	
��
 would be higher than the load power. Therefore, the SC 

controller reduced PTotalref to have constant power at the output 

related to the load power (�	
��
 � �

� ). The SC voltage is 

also changed during the transient conditions to regulate the DC 

link voltage but it cannot be seen because of the used time scale. 

The stack voltage is shown in Fig. 13. As seen in this figure, the 

stack voltage is decreased (19.9 V to 19.75) due to the drying 

condition of the first group but the stack voltage remains the 

same after running the FCMS. This result further verifies the 

effectiveness of the proposed FCMS. The current density of cell 

groups is also shown in Fig. 13 that is changed due to the FCMS 

and the SC voltage controller. The higher current density of the 

first group is coherent with its higher power (Fig. 8). This 

higher current density means more water production to deal 

with the drying condition of the first group.   

The second experiment stands for simulating the flooding 

condition of the first group. A step of 5 degrees of Celsius 

increases the cathode side cooling fluid temperature of the first 

group from 60 ºC to 65 ºC at 500 s (just in the CM). The same 

step is used to decrease it from 65 ºC to 60 ºC at 4500 s. In this 

experiment, the applied pressure drop in the anode and cathode 

channels of cells is equal to 4000 Pa and 3800 Pa respectively. 

The dew point temperature at the cathode and anode inlets are 

applied with bubblers at 60°C (cathode and anode). The model 

parameters are the same as in Table 3. The FCMS runs after 

1000 s. 

 

Fig. 14. Experimental results of the normalized value of FLC inputs and the reference power that must be injected by the cell groups when the cathode 

side cooling fluid temperature of the first group increased from 60 ºC to 65 ºC at 1000 s and decreased to its nominal value of 60 ºC at 4500 s (The air 

and hydrogen pressure drops are applied). 

 

Fig. 13. Experimental results of the stack voltage and the injected current by cell groups when the cooling fluid temperatures of the first group 

increased from 60 ºC to 75 ºC at 1000 s and decreased to 60 ºC its nominal value at 5500 s (The air and hydrogen pressure drops are applied). 



The normalized and absolute values of the FLC inputs are 

respectively shown in Fig. 14 and Fig. 15. As seen in these 

figures, the FCMS improves the state of the first group after it 

runs at 1000 s.  

The inputs of the FLC and the reference of powers in the 

steady-state without utilizing the FCMS are compared to their 

values in steady-state in the presence of the FCMS in Table 5 

based on Fig. 14 and Fig. 15. This table shows that a 3% 

modification of the hydrogen stoichiometry dispersion requires 

increasing the power dispersion by 3%.  

  The experimental results of the cell group temperatures are 

shown in Fig. 16 for the second experiment. The cathode side 

 

Fig. 15. Experimental results of FLC inputs and the cell voltages when the cathode side cooling fluid temperature of the first group increased from 60 

ºC to 65 ºC at 1000 s and decreased to its nominal value of 60 ºC at 4500 s (The air and hydrogen pressure drops are applied). 

 

Fig. 16. Experimental results of the cell temperatures when the cathode side cooling fluid temperature of the first group increased from 60 ºC to 65 ºC 

at 1000 s and decreased to its nominal value of 60 ºC at 4500 s (The air and hydrogen pressure drops are applied). 



cooling fluid temperature increase leads to a temperature 

gradient between anode and cathode of the first group of cells. 

Due to this temperature gradient between the anode and cathode 

of the first group at 500 s, more water is accumulated in the 

anode side of the first group and the level of saturation in its 

anode channel is increased (Fig. 17). As a result, the hydrogen 

flow rate decreased and the hydrogen stoichiometry of the first 

group consequently decreased after applying the rise in the 

cathode side cooling fluid temperature of the first group at 500 

s. Due to the water transfer to the anode side, the water vapor 

flow rate at the cathode decreased and consequently, the oxygen 

stoichiometry increased (Fig. 17). However, due to the more 

water accumulation in the anode side, the hydrogen flow rate 

drops, and the hydrogen stoichiometry of the first group 

consequently decreased. This lower value of hydrogen 

stoichiometry is an indicator of fuel starvation.   

The FCMS (after 1000 s) decreases the injected power of the 

first group to struggle with the hydrogen stoichiometry 

reduction. However, the stoichiometry of oxygen is increased 

due to this power reduction. Regarding the intervals of the 

membership functions, which are adjusted for the FLC inputs, 

the power of cell groups is stabilized after a bit of oscillation.  

The �	
��
 and PTotalref is shown in Fig. 18 during the second 

experiment. Since the FCMS runs after 1000 s, the  PTotalref is a 

bit different from the �	
��
  due to the disturbance created by 

the FCMS. As described for Fig. 12, the PTotalref is changed to 

 

Fig. 18. Experimental results of the SC voltage, the reference of total power, and the total power injected by cell groups when the cathode side cooling 

fluid temperature of the first group increased from 60 ºC to 65 ºC at 1000 s and decreased to its nominal value of 60 ºC at 4500 s (The air and hydrogen 

pressure drops are applied). 
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Fig. 17. Experimental results of the dry gas flow rate and saturation inside the channels when the cathode side cooling fluid temperature of the first 

group increased from 60 ºC to 65 ºC at 1000 s and decreased to its nominal value of 60 ºC at 4500 s (The air and hydrogen pressure drops are applied). 



have constant power at the output related to the load power 

(�	
��
 � �

� ).As depicted in Fig. 18, the SC voltage is 

constant in steady-state. As seen in Fig. 19, the stack voltage is 

very slightly changed. As seen in Fig. 15, the most important 

objective, in this case, was to guarantee the hydrogen supply to 

avoid hydrogen starvation. The current density of cell groups is 

also shown in Fig. 19 that is changed due to the FCMS, the SC 

voltage controller, and the loop between the reference power 

and the output voltage of the cell. The lower current density of 

the first group is coherent with its higher power (Fig. 14). This 

lower current density means lower water production to deal 

with the flooding condition of the first group.  

These two experiments validate the effectiveness of the 

proposed FCMS during the transient condition and verify that 

this system can return the electrical current to its nominal values 

once the fault was solved.  

4. CONCLUSION 

A management strategy was developed in this paper for 

PEMFCs. This management system can deal with the 

instabilities of cells inside a stack or the instability of a stack in 

a multi-stack system. Indeed, using the information provided by 

the FC model and based on a proposed FLC, the operating 

condition of the cell groups is changed by the proposed system 

to deal with their faults. The drying and flooding (fuel 

starvation) conditions as the most important instabilities of the 

cell were experimentally assessed by the proposed system. The 

experimental results, which were provided in this paper, verify 

the capability of the proposed system. Based on the 

experimental results, the FCMS could improve the operational 

condition of the first cell group (as a defective group), by 

changing its injected power. As a result, the FCMS could 

prevent the first group from fuel starvation and drying 

condition. In this way, the total lifetime of the system can be 

improved by preventing instabilities and even by putting the 

defective group out of connection in the worst condition. 
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