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Abstract

The proton exchange membrane (PEMFC) fuel cell represents the energy of the 
future, in parallel with hydrogen. However, this technology must meet many technical 
challenges related to performance and durability before being sold on a large scale. It is 
well known that these challenges are closely linked to water management. This paper 
develops and implements a model of PEM fuel for simulation to make prediction on 
the water content. The proposed model includes a voltage evolution model based on 
the electrochemical and dynamics gases aspect, a water activity model to approximate 
relative humidity and a fuel cell spectroscopy impedance model to estimate the water 
content in order to make an accurate diagnosis. Furthermore, this work adopts a methods 
of modeling that presents a new solution to bring water into the fuel cell membrane, 
where it humidi es the Input gases (air and hydrogen) to a relative humidity over 0%. 
However, this solution causes a problem of  ooding the membrane in the PEMFC. 
In this work, an Electrochemical Impedance Spectroscopy (EIS) is used to make the 
 ooding and drying diagnosis in the fuel cell.  The strengths of this proposed model 
are that it can be used at the same time in the  eld of power systems and for water 
diagnosis. This model predicts the response of step change in the load demand, and 
the water rate introduced by air into the fuel cell. The simulation results are presented 
with a qualitative interpretation of PEM fuel cell  ooding and drying behavior.
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1. Introduction

The PEM  fuel cell is the electrochemical element 
that converts the energy of hydrogen (H2) into 

electricity, using a controlled electrochemical process 
(instead of a thermal reaction of combustion, whose 
mechanical work is then generated Converted into 
electricity).Hydrogen is oxidized at the anode and 
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the protons are transported through the membrane to 
the cathode according to the reaction [1]-[9]:

2H2 → 4 H+ + 4e-   anode                                      (1)

And at the cathode, the oxygen is reduced according 
to the reaction [1]:

O2+ 4 e-→ 2O2-      cathode                                       (2)

The electrons circulate through the external circuit 
during these reactions. Once they reach the cathode, 
the protons recombine with the oxygen ions to form 
water according to the reaction:

(3)

The proton conductivity of a membrane depends 
strongly on its rate. It must to be saturated with 
water, this is essential for good ionic conductivity. 
The most recent solution for hydrating membrane is 
humidi cation of Input Gases in Fuel Cell Systems. 
Where is adopted in our work. This method is based 
on hydration of gases (with a relative humidity over 
0%). Fig. 1 shows the method for brings water into 
the membrane of fuel cell   by hydrating the air and 
hydrogen. This method is applied speci cally for 
PEM fuel cell type.

Fig. 1. Basic operation for hydrated gas in aPEMFC [1].

The water management is one of the most critical 
parameters in the operation of PEM fuel cells [1], 
[2].  For this, recent research in [14-17] focuses on 
this theme to achieve the maximum performance 
and sustainability of PEMFC. The objective of this 
paper is to de ne and to implement a new improved 

model of PEMFC resulting from recent research for 
water management and control. This model uses 
the combination of electrochemical elementary 
laws and empirical models. Furthermore it includes 
the dynamic effect of  uid and, relative humidity 
and voltage losses due to ohmic, activation, and 
concentration are accounted for. In additionwater 
activity model to calculate relative humidity and 
fuel cell spectroscopy model to estimate impedance 
for water diagnosis are implemented. The results 
of implementation and conclusions for in uence 
of water introduced by the air in the fuel cell are 
discussed.

2.Fuel cell model

Modeling of PEMFC is a very important part in their 
development, but it is essential to de ne the objectives 
before using the model. This leads to establishing 
criteria for the use of the model: speed, precision, 
 exibility, graphical interface, or implementation in 
software. In this study, we chose to implement a fuel 
cell model for water management. To do this a model 
was used to calculate the evolution of the voltage by 
theoretical and semi-empirical approaches stemming 
from the work presented by Amphlet [5] and [6].  
This model was successfully used by [9] and [10], to 
control PEM Fuel Cell power generation and by [11]  
and [12] to impletment the power electronic interface. 
In our work, the thermodynamic equilibrium voltage 
is de ned using the Nernst equation [7]. Activation 
over voltages are calculated by the Tafel equations [8]. 
Using Ohm’s law, we can express the cell voltage by:

(4)

Enerst  is the Nerst  voltage de ned as:

(5)

Where  pH2 and pO2 are the partial pressures of 
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hydrogen and oxygen (atm), respectively, and T the 
cell operation temperature (K).
Vact is  the activation voltage loss: 

(6)
Where 
Istack: fuel  cell operating current (A), 
ξi: parametric coefcients, and
CO2: concentration of oxygen is dened as:

(7)

The consontratin voltage loss is calculated as follows:  

(8)

Where 
B: parametric coefcient and 
J: current density of the fuel cell.
The Ohmic overvoltage represents voltage loss due 
to resistance against protons ow in the electrolyte:

(9)

Where tm is the membrane thickness.
The proton conductivity of a membrane depends 
strongly on its rate of hydration (water activity).  An 
empirical formula giving the conductivity of Naon 
117 as a function of its water content was obtained 
experimentally by Springer et al. [10]:

(10)

Where λ is  the membrane water content  expressed 
as a relation by Springer

(11)

Where φ represents the relative humidity.
Boulon et al. in [15] have proposed and examined a 
model to calculate relative humidity in a PEM fuel 
cell. They studied the impact of the air supply of a fuel 

cell system on humidication and water management 
issues. It represented the relative humidity of the 
gases outlets. The relative humidity φ was obtained 
by making the ratio between the partial pressure 
of vapor Pw and the saturated vapor pressure Psat at 
temperature T.

(12)

In [15] the satureted  vapor pressure was 
experimentally approched with the Rankin formula:

          
(13)

The water content of outgoing air was analyzed in 
[15 ] to estimate the relative humidity. 

        
(14)

Pexit: pressure at the stack output. For an atmospheric 
fuel cell, it is equal to the atmospheric, λa: air 
stoichimetry.   
ψ: is calculated from the oxygen molar ow at the 
input qO2in and the molar humid air ow qwin as:

        
(15)

Where qrest  is the molar ow of the oxygen component 
(N2) of the air.
The relative humidity φ is

 
Electrochemical impedance spectroscopy EIS is used 
as a water activity diagnosis tool. It is the practical 
way to estimate the relative humidity in the fuel cell 
system. The Electrochemical impedance model was 
presented by The Randles cell in [16 - 18]. It is an 
equivalent circuit as show in Fig. 2. The general 
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expression of the diffusion impedance for a nite 
length diffusion layer  is given by [17]: 

       (18)

This relation can be simplied as:
        

(19)
  

                                                                       
(20)

Additionally, the resistance can be calculated by:
          

(21)

 The overall impedance of Fig. 2 is [17]:

(22)

With the value of α usually ranging between 0.5 and 1. 

Fig. 2. Randles cell with CPE impedance.

The remaining parameters (Rd, Rp,τd and Q) are 
identied in [18] by using experimental Factorial 
Design methodology tting to evaluate the respective 
impacts of the relative humidity RH (%) and Time 
t(s) on the FC impedance operation:

(23)

(24)

(25)

(26)

Finally, to calculate the relationship between ow 
rate and partial pressure, all individual gases are 
considered separately and the ideal gas equation was 
applied to each. The model was developed by   El-
Sharkh et al. in [13 - 14 ].The state equations become:

(27)

(28)

(29)

Where: 
Pw: the partial pressures of each gas inside cell,
qH2in, qO2in: the inlet ow rates of hydrogen and 
oxygen, 
qH2out, qO2Out and qwout: the outlet ow rates of each gas 
and water vapor, and
qH2r, qO2r and qwr: usage and production of the gases 
and water.
Based on the electrochemical relationships, we have [8]:

(30)

(31)

Where KH2: hydrogen valve molar constant [kmol/
(atm s)], KO2: oxygen valve molar constant (kmol/
(atm s)), N0 number of series fuel cells in the stack, 
Istack: stack current (A), Kr: constant = N0/4F Kmol/ 
(s.A), and F : Farady constant 9684600 C/Kmol.
By substituting equations (12)  and  (15) into equation 
(16), applying the Laplace transform, and isolating 
the partial pressure term, the following equation can 
be written as:    

(32)

where τH2 is  the time constant related to the system  
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that associates hydrogen ow and  partial pressure of 
hydrogen.

3.  Model Test and validation

The goal of this section is to test and verify the 

performances of the proposed models. The model 
equations were simulate under a Matlab environment 
using the parameters presented in Table 1.
The results are related to the voltage / current 
and pressure characteristic at a constant stack 
temperature of 90o and water activity in membrane 
of 100%. The results are  presented in 3D in Fig, 3 

Fig. 3. Polarization curve of the PEMFC with simultaneous changes in the inlet partial pressure oxygen and current density at stack 
temperature of 90o and water activity in membrane of 100%.

Table 1. Model parameters from [20 and 21]
Parameters Values
Temperature T (K)
l 178 µm
Jmax 1.5A/cm2

Jn 1.2 A/cm2

B 0.016 V
λa air stoichimetry   2
Active area  S 56.6 cm2

ζ1 -0.948
ζ2 0.00286+0.0002.lnA+(4.3.10-5)lnCH2

ζ3 7.6.10-5

ζ4 -1.93.10-4

Number of cells  N0 100
Hydrogen valve constant  KH2 4.22*10-5 Kmol/(s.A)
Oxygen  valve constant  KO2 2.11*10-5 Kmol/ (s.atm)
Hydrogen time constant,τH2 3.37 (s)
Oxygen time constant, τO2 6.74 (s)
Hydrogen –Oxygen ow ratio rH-O 1.168
Kr constant = N0/4F 0.996*10-6 Kmol/ (s.A)
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That is why in this work we proposed a technique 
based on an electrochemical Impedance Spectroscopy 
(EIS) for diagnosis. The inuence of relative 
humidity on the polarizations curve of the PEMFC 
is shown in Fig. 5. The results proposed in this gure 
are validated by the experimental results of Fig. 4. 
This characteristic can be decomposed into three 
zones:
1.The ood zone, where the water cannot be 
completely evacuated and the fuel cell begins to 
become ooded.

and are in good agreement with experimental BCS 
500-W manufacture data as show in [19-21]. It 
should be noted that the simulations proposed in [10], 
[19], and [14] do not show the inuence of relative 
humidity (RH) on the polarizations curve. However, 
we can see that this relative humidity (RH) strongly 
inuences the voltage drop, as shown experimentally 
in Fig. 4. Moreover, when the voltage curve of the 
ooded and the dry membrane are approximately 
superposed it is impossible to make a diagnosis of 
which case (ooded or dry) caused the voltage drop. 

Fig. 4. Experimental polarization curves for a fuel cell working under ooded, dry and nominal conditions. Measured by Fouquet 
et al. in [11]. 

Fig. 5. Polarization curve of the PEMFC with simultaneous changes in water of relative humidity and current density at a stack 
temperature of 90o.  * Experimental polarization curves from Fig. 4.
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2.The dry zone, where the air dries up the membrane 
causing the fuel cell to shift into a defect state (and 
possible irreversible degradation). 
3.The objective zone, where the water in the inlet 
air and the water produced by the electrochemical 
reaction equal the water amount in the output air. 
And the maximum voltage is produced by the fuel 
cell as described in Fig. 5.
Fig. 6 estimates the relative humidity at the output of 
the fuel cell with simultaneous changes in the humid 

air ow in the fuel cell qwin and current  density, 
at a constant stack temperature of 90o.. The idea is 
to determine if the humid air ow at the inlet of the 
fuel cell qwin stays in the objective zone. And to 
characterize the ooding or drying of the fuel cell 
heart (membrane and electrodes).
Fig. 7 represents three main Randles impedance 
cells improved by the constant phase element (CPE) 
and tting the experimental data which validate the 
impedance model:

Fig. 6.  Relative humidity (%) curve of the PEMFC with simultaneous changes in water introduced by the air and current density. 

Fig. 7. PEMFC impedance in the Nyquist plot.
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1-Impedence in the objective case where it is 
characterized by small resistance measured in the 
low and high frequency and small phase angle arcs 
(small capacitive effect).
2- Impedance in the ooding case characterized by 
a big arc (more capacitive effect). The resistance 
measured in the low frequency is large; however, 
there is no shift of resistance measured at high 
frequency 
3-Impedance in the dehydration effect, it can be seen 
in the Nyquit plot impedance which shows a rise in 
the resistance measured at high frequency Rhf.  

4.  Simulation Results and Discussion

The proposed model of PEM Fuel cell is implemented 
as show in Fig. 8 with  parameters  given in Table 1. It 
is tested with step change of humid air ow in the fuel 
cell (qwin) and current as shown in Fig. 9. This gure 
also shows the change in relative humidity of air at 
the cathode. This is related to molar humid air owin 
the fuel cell (qwin). For this reason, it is essential to 
obtain the objective zone (φ 100%) by management 

management and control of the humid air ow. The 
Nyquit plot impedance from the EIS model can make 
a diagnosis for the ooding or drying case.
The result of the impedance behavior is shown in Fig. 10.
It is characterized by the progressive increase of the 
arc, for times varying between (0 to 3500 sec) under 
ooding and drying conditions.
For the time intervals [500 sec to 1000 sec] and 
[2000 sec to 3000 sec] it is observed that there is 
no variation in the resistance at high-frequency in 
the Nyquist plot. This characterizes the hydrated 
case. This behavior is realized by the increase of the 
fuel cell current density which induces an increase 
of water production at the cathode whist causes 
blocking of the reaction; thus, the decrease in the 
fuel cell output [14]  can lead to the ooding case. 
The Nyquist plot in the interval (1000 sec to 2000 sec) 
characterizes the dehydration effect, illustrated in 
Fig. 9 as an increase in the high frequency resistance. 
In the high load condition the fuel cell current density 
increases, which provokes an increase of temperature 
and can lead to the drying case. 
In [16] and [18] a robust and reliable PEM fuel cell’s 
state of hydration monitoring was demonstrated 

\

Fig.8. PEM fuel cell block diagram.
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Fig. 9. Simulation results for the PEM fuel cell. 

 
Fig.10. PEMFC impedance behavior in the Nyquist plot.

based on the resistance measured at high frequency 
of impedance, Rhf, and the resistance measured at 
low frequency, Rl. Fig. 9 shows the change of the 
resistance of spectroscopy impedance measured at a 
low frequency (Rhf) increasing gradually with time; 
however, when the relative humidity decreases from 
140% at 40% as shown at 1000 sec (from ooding to 
drying) the Rhf  goes down. 
The resistance measured at high stack frequency (Rlf), 
as seen in Fig. 9, increases and decreases according 

the relative humidity and molar humid air ow.

5.  Conclusion
In this paper, an improved PEMFC model is developed 
and implemented to study water activity in a fuel 
cell at different operating conditions. The proposed 
model includes an enchanced steady dynamic 
electrochemical model and a spectroscopy impedance 
(EIS) model as an estimator of relative humidity. This 
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model was tested on simulation data and the obtained 
results conrm it is relatively easy to use this model 
to control relative humidity by controlling molar 
humid air ow in the fuel cell. Consequently, it is 
usable in a real time control loop to improve the 
humid air supply for water management. Moreover, 
the spectroscopy impedance EIS model, represented 
by Nyquist plot, helps to recognize the conditions 
of ooding or drying cases. Nevertheless, this 
preliminary work does not provide how the control of 
molar humid air ow in the fuel cell is done. Future 
works will be required to develop a more specic 
algorithm for control based on this model. It would 
also be interesting to use the Intelligent Controller 
for water management. 
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