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Abstract—The regulation of reactants pressure and 

supply are prerequisite for the performance and prolong life 

of Proton Exchange Membrane Fuel Cell (PEMFC). The 

depleted supply of reactants may deteriorate the operation of 

PEMFC. Moreover, the large deviation of reactants pressure 

can cause severe damage to the stack. The main aim of this 

paper is to control the pressure of hydrogen at anode and 

oxygen at cathode side by maintaining hydrogen and oxygen 

flow rates at optimum levels during dynamic load conditions. 

Sliding Mode Controller (SMC) is employed to control the 

reactants pressure at set point under dynamic load change. 

The results reveal that SMC employed in PEMFC produce 

better response than the PI controller reported earlier. 

Keywords—PEMFC, Pressure regulation, Hydrogen 

Flow Rate, Oxygen Flow Rate, SMC. 

I.INTRODUCTION  

A fuel cell is an electrochemical energy converter which 
produces clean and green electricity from chemical energy 
of the hydrogen without undergoing combustion process. 
The electrochemical reaction of fuel cell discharges water 
and heat as byproducts. In comparison with other types of 
fuel cells, PEMFC has charming features like compact size, 
light weight, high power and current densities, low 
operating temperature, quick startup and zero emission. 
Due to its attractive features, PEMFC will become suitable 
energy converter for automotive, stationary and portable 
application in near future. The cost and durability of 
PEMFC restricts the commercialization and wide publicity 
of the product.[1] Thus the proper selection of controller for 
maintaining the parameters ensures the performance and 
longevity of the cell.[2] 

Many control strategies addressed in literature to retain 
oxygen stoichiometric ratio for shunning oxygen 
starvation, ranging from feed forward control,[3],[4]LQR 
control,[5]-[7] Fuzzy logic control,[8],[9] Neural network 
control,[10],[11] Parameter optimized feed forward fuzzy 
logic control with feedback PID control [12] and Model 
predictive control.[13],[14] However, the performance and 

longevity of PEMFC are mainly concerned with the proper 
control of the reactant pressure on both side of the 
electrodes.[15] It is obvious that cell voltage, overall cell 
efficiency, energy density are increased and also the 
amount of reactant humidification requirements reduced 
along with increase in partial pressure of Hydrogen and 
Oxygen. But on the contrary the power required for 
compressor to supply Oxygen is increased. [16] Hence, the 
optimum reactant gases are supplied to the PEMFC is 3 to 
5atm. It is evident that the reactants’ supply must always 
meet the dynamic load demand of PEMFC, since the 
current drawn for the cell is directly depended on the 
amount of Hydrogen and Oxygen supply. This change in 
concentration of the reactants will immediately cause a 
reduction in the partial pressure of the reactants. The large 
deviation in pressure difference between the reactants on 
both sides can cause severe damage to the membrane. 
Hence, the pressure difference must always be kept below 
0.5atm to protect the membrane from the risk of severe 
damage. [2]   

The main objective of this work is to keep the partial 
pressure of the reactants at the desired level in order to 
avoid the detrimental degradation of the life of PEMFC and 
also hold the pressure difference between the hydrogen and 
oxygen sides at less than 0.5atm all the times by employing 
the proposed Sliding Mode Controller. 

 

2. Dynamic model of a PEM Fuel Cell 

The two Models of PEMFC are considered in this work 
namely, the Stack voltage model and the State space 
dynamic model. Brief descriptions of these models of 
PEMFC are presented below. 

2.1. Stack Voltage Model of PEMFC 

A PEMFC produces the voltage around 0.7v whichis not 
suitable for real time applications. So, PEMFC stack is 
formed by connectingmultiple numbers of single cellsin 
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series by bipolar plates to produce a voltage that is suitable 
for all applications. Each cell hasproton exchange 
membrane which is sandwiched betweentwo 
electrodes(anode and cathode) with platinum catalyst. 
Figure1 shows the whole operation of PEMFC 
schematically.  

The 99.9% pure, well humidified Hydrogen with 

stoichiometry of 2 is suppliedat the anode with the help of 

a pressure regulator and purging system. At the same time, 

an humidified air which has Nitrogen and Oxygen in the 

ratio of 79:21 with stoichiometry ranges from 2 to 2.5 is 

supplied through air compressor, air filter and flow 

controllerto the cathode. [17],[18]  

The actual fuel cell stack output voltage is decreased 

from its reversible thermodynamic voltage due to 

irreversible losses. It can be expressed by the following 

equation, 

                     Vstack = ENernst − η
act

− η
ohm

− η
conc

       (1) 

The Nernst equation to represent the reversible 

thermodynamically predicted stack voltage is, 

        ENernst = N [V0 + (
RT

2F
) ln (

PH2 .√PO2

PH2Oc

)]  (2)

 

Fig. 1. Schematic diagram of a PEMFC 

 

 

 

The activation loss is caused by the sluggishness of 

electrochemical reaction on the surface of the electrode. 

Thus the loss in voltage to drive the electrochemical 

reaction for transferring the electrons to or from the 

electrode can be described by, 

                   η
act

= N.
RT

2αF
. ln (

If+In

I0
)  (3) 

The ohmic loss due to the resistance to the flow of 

electrons through the electrodes and the their 

interconnections, as well as the resistance to the flow of 

ions through the membranecan be expressed by, 

                      η
ohm

= N. If. r   (4) 

 

The mass transport or concentration loss due to the 

failure of sufficient reactants supply to the electrodes 

surface causes reduction in concentration of reactants, can 

be written as, 

               η
conc

= N. m. exp (n. If)  (5) 

 

2.2. State Space Dynamic Model of PEMFC 

The following assumptions are made to derive a 

nonlinear MIMO dynamic model for PEMFC. (1) The Ideal 

gas law is applied for all gases. (2) The stack temperature 

is taken as a constant and uniform over the stack. (3) The 

well humidified reactants are supplied on both sides of the 

membrane. (4) A pure hydrogen (99.99%) with 

stoichiometry of 2 and air which is composed of uniformly 

mixed nitrogen and oxygen in the ratio of 79:21 with 

stoichiometry ranges from 2 to 2.5 is supplied to the anode 

and cathode respectively. (5) The reactants is assumed to 

be humidified by the excess condensed liquid water when 

those humidity drops below 100%. [17]-[19]   
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The state space pressure dynamic model of PEMFC is 

derived by applying ideal gas law and mass conservation 

principle. The anode dynamic state model the rate of 

change of partial pressures of hydrogen and water, the 

cathode dynamic state model has the rate of change of 

partial pressures of Oxygen, Nitrogen, and water 

respectively. Whereas the change in partial pressure of 

reactants and water is balanced by the ideal gas law and the 

mass conservation principle, the rate of change of partial 

pressure of each gas is balanced inlet flow rate of reactants 

minus the reactant’s consumption and the outlet flow rate 

reactants based on ideal gas law and mass conservation 

principle. The partial pressure derivatives are presented 

below. 

Anode Pressure Dynamic model: 

The rate of change of partial pressure of hydrogen and 

water at anode is expressed by the following equations. 

        
dPH2

dt
=

RT

Va
(𝑚̇𝐻2𝑖𝑛

− 𝑚̇𝐻2𝑢𝑠𝑒𝑑
− 𝑚̇𝐻2𝑜𝑢𝑡

)  (6)

          

           
dPH2Oa

dt
=

RT

Va
(𝑚̇H2Oain

− 𝑚̇H2Oaout
− 𝑚̇H2Oambr

) (7) 

Cathode Pressure Dynamic model: 

The rate of change of partial pressure of oxygen, nitrogen 

and water at cathode is expressed by the following 

equations. 

  
dPO2

dt
=

RT

Vc
(𝑚̇𝑂2𝑖𝑛

− 𝑚̇𝑂2𝑢𝑠𝑒𝑑
− 𝑚̇𝑂2𝑜𝑢𝑡

)  (8) 

            
 dPN2

dt
=

RT

Vc
(𝑚̇𝑁2𝑖𝑛

− 𝑚̇𝑁2𝑜𝑢𝑡
)  (9) 

     
dPH2Oc

dt
=

RT

Vca
(𝑚̇H2Ocin

− 𝑚̇H2Ocout
+ 𝑚̇H2Ocprod

+ 𝑚̇H2Oambr
) (10) 

Each mole of hydrogen reaction delivers two electrons 

to the external circuit. Hence, the rate of usage of hydrogen 

and production of water in terms of stack current are 

expressed by, 

           𝑚̇𝐻2𝑢𝑠𝑒𝑑
= 𝑚̇H2Ocprod

=
NA

2𝐹
If =a1If  (11) 

Similarly the rate of oxygen usage is derived; each mole 

of oxygen transfers four electrons. So, the rate of oxygen 

reaction is expressed by, 

            𝑚̇𝑂2𝑢𝑠𝑒𝑑
=

NA

4𝐹
If =

a1

2
If  (12) 

The membrane water content is assumed to be a constant 

(λm=14), since the solid polymer membrane is fully 

humidified. The membrane inlet flow rate of water is 

written in terms of stack current as follows, 

        𝑚̇H2Oambr
=

1.2684𝑁𝐴𝐼𝑓

𝐹
= a2If  (13) 

Exit flow rate of reactant is calculated from inlet flow 

rate of reactant minus reactant’s usage on both side of stack. 

The total anode pressure is expressed by the sum of 

partial pressure of hydrogen and water. 

                              Pa = PH2
+ PH2Oa

  (14) 

The cathode pressure is written as the sum of partial 

pressure of oxygen, nitrogen and added water. 

                    Pc = PO2
+ PN2

+ PH2Oc
  (15) 

State space dynamic equations for rate of change of 

pressure on the anode side, 

dPH2

dt
=

RT

Va
(𝑚̇𝐻2𝑖𝑛

− a1. If − (𝑚̇𝑎𝑖𝑛 − a1. If).
PH2

Pa
) (16) 

dPH2Oa

dt
=

RT

Va
(𝑚̇H2Oain

− (𝑚̇𝑎𝑖𝑛 − a1. If).
PH2Oa

Pa
− a2If) (17) 

State space dynamic equations for rate of change of 

pressure on the cathode side, 

dPO2

dt
=

RT

Vc
(𝑚̇𝑂2𝑖𝑛

−
a1

2
If − (𝑚̇𝑐𝑖𝑛 −

𝑎1

2
. If) .

PO2

Pc
) (18) 

dPH2Oc

dt
=

RT

Vc
(𝑚̇H2Ocin

+ a1If − (𝑚̇𝑐𝑖𝑛 + a1. If +

a2. If).
PH2Oc

Pc
+ a2. If)       (19) 

            
dPN2

dt
=

RT

Vc
(𝑚̇𝑁2𝑖𝑛

− 𝑚̇𝑐𝑖𝑛 .
PN2

Pc
)  (20) 

State space dynamic equations for rate of change of 

pressure on the anode side, 

dPH2

dt
=

RT

Va
(𝑚̇𝐻2𝑖𝑛

− a1. If − (𝑚̇𝑎𝑖𝑛 − a1. If).
PH2

Pa
) (21) 

dPH2Oa

dt
=

RT

Va
(𝑚̇H2Oain

− (𝑚̇𝑎𝑖𝑛 − a1. If).
PH2Oa

Pa
− a2If) (22) 

State space dynamic equations for rate of change of 

pressure on the cathode side, 

dPO2

dt
=

RT

Vc
(𝑚̇𝑂2𝑖𝑛

−
a1

2
If − (𝑚̇𝑐𝑖𝑛 −

𝑎1

2
. If) .

PO2

Pc
) (23) 

dPH2Oc

dt
=

RT

Vc
(𝑚̇H2Ocin

+ a1If − (𝑚̇𝑐𝑖𝑛 + a1. If + a2. If).
PH2Oc

Pc
+

a2. If)       (24) 

                    
dPN2

dt
=

RT

Vc
(𝑚̇𝑁2𝑖𝑛

− 𝑚̇𝑐𝑖𝑛 .
PN2

Pc
)  (25) 

The mole fractions of the Hydrogen (nH2
) is 0.99. Hence, 

the inlet flow rate of hydrogen is expressed as, 

                            𝑚̇𝐻2𝑖𝑛
= nH2

. 𝑚̇𝑎𝑖𝑛  (26) 
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The mole fractions of the Oxygen (nO2
) and 

Nitrogen(nN2
) in air are 0.21 and 0.79 respectively. Hence 

the inlet flow rates of oxygen and nitrogen is written as, 

                             𝑚̇𝑂2𝑖𝑛
= nO2

. 𝑚̇𝑐𝑖𝑛  (27) 

                             𝑚̇𝑁2𝑖𝑛
= nN2

. 𝑚̇𝑐𝑖𝑛  (28) 

The water inlet flow rate at the anode and the 

cathode are expressed as follows; 

                        𝑚̇H2Oain
=

∅a.Pv

Pa−∅a. .Pv
. 𝑚̇𝑎𝑖𝑛  (29) 

                        𝑚̇H2Ocin
=

∅c.Pv

Pc−∅c .Pv
. 𝑚̇𝑐𝑖𝑛  (30) 

Moreover, the reactants’ inlet flow rates are calculated 

from the product of controller output, conversion factor and 

stoichiometry ratio of the reactants on both side of the 

membrane. 

                        𝑚̇𝑎𝑖𝑛 = u1. ca. λH2
   (31) 

                        𝑚̇𝑐𝑖𝑛 = u2. cc. λair   (32) 

2.3. Sliding Mode Control for PEMFC 

Sliding Mode Controller (SMC) is more attractive for its 

simplicity and robustness to disturbances and parameter 

variations. Hence, it is widely used in uncertain system or 

system with lack of information available for modeling. [20] 

The control law of SMC is designed to attract the system 

trajectory to sliding surface and once the trajectory reaches 

it, keep the trajectory on the sliding surface subsequently. 

Thus this motion of system trajectory is called as sliding 

motion. The control action of the SMC is working in two 

distinct phase of motion such as ‘reaching phase’ in which 

control law attracts the system trajectories to reach the 

sliding surface from any initial condition and ‘sliding mode 

phase’ that keeps the system trajectories to remain in 

sliding surface for the rest of the period. [21]  

 

Fig 2. Proposed Sliding Mode Controllers for pressure regulation of PEMFC

The Sliding Mode Controller which is shown in Figure 2 

is proposed to maintain the Partial pressure of Hydrogen at 

the anode and Oxygen at the cathode for PEMFC system 

under dynamic load changing condition through the control 

of mass flow rate of Hydrogen and Oxygen at anode and 

cathode respectively. The proposedcontroller is robust 

under dynamic load variations. Thus the SMCs follow the 

set points of input reactants’ pressure and also keep the 

pressure difference between two sides as very 

small.Moreover, the SMCs avoid the reactants’ starvation 

by supplying the enough reactants to both side of the 

PEMFC. 

Let a nonlinear MIMO system with a disturbance can be 

described in continuous form by the following equation, 

    𝑋̇ = 𝑓(𝑋, 𝑡) + ∑ 𝑔𝑖(𝑋, 𝑡). 𝑢𝑖 + 𝑝(𝑋, 𝑡). 𝑑𝑚
𝑖=1 ,     𝑖 = 1,2, … , 𝑚 (33) 

       𝑦𝑖 = ℎ𝑖(𝑋, 𝑡),     𝑖 = 1,2, … , 𝑚  (34) 

Where, x∈Rn are the system state variables, u ∈Rm are 

the control variables and y= Rp are the output variables. 

And also f and g are n-dimensional nonlinear vectors, h is 

the m-dimensional output vectors, d is the disturbance and 

p is the vector field related to the disturbance. 

Hence the nonlinear dynamic MIMO state space model 

for PEMFC can be derived as follows, 

𝑋̇ = 𝑓(𝑋, 𝑡) + 𝑔1(𝑋, 𝑡). 𝑢1 + 𝑔2(𝑋, 𝑡). 𝑢2 + 𝑝(𝑋, 𝑡). 𝑑 (35) 

 [𝑦1
𝑦2

] = [𝑥1
𝑥2

] = [ℎ1(𝑥)
ℎ2(𝑥)

]   (36) 

The state variables, control variables, output variables 

and disturbance of PEMFC system can be expressed as, 

State Variables: 
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[𝑥1𝑥2𝑥3𝑥4𝑥5 ] = [PH2
PH2Oa

PO2
 PN2

PH2Oc
]  (37)

  

Control Variables: 

                      [𝑢1𝑢2] = [ua ub]   (38) 

  

Output Variables: 

                     [𝑦1𝑦2] = [PH2
PO2

]   (39) 

Disturbance: 

           𝑑 = Ist   (40) 

A control law is developed to keep the reactants’ partial 

pressures at set points  by nullifying the errors (e1, e2) which 

is the difference between the measured values of partial 

pressure of the reactants (PH2
, PO2

) and reference values 

(PH2𝑟𝑒𝑓
, PO2𝑟𝑒𝑓

). The Figure3 shows the schematic diagram 

of proposed sliding mode control strategy. The sliding 

manifolds in which the errors are zero can be expressed 

mathematically as follows; 

             𝑆(𝑥, 𝑡) = (𝑐1
𝑑

𝑑𝑡
+ 𝑐2)

𝑛−1

𝑒  (41) 

Substituting n=2 gives  

                𝑆(𝑥, 𝑡) = (𝑐1
𝑑𝑒

𝑑𝑡
+ 𝑐2𝑒)   (42) 

The control law is derived from the Lyapunov function 

where sliding surface is considered as S(x,t)=0 and 
𝑑𝑆(𝑥,𝑡)

𝑑𝑡
≤

−𝜂. Hence, it can be expressed as, 

                  U=-M.sat(S(x,t))   (43) 

 Where, constants c1,c2 ,𝜂 and M>0 

To avoid the chattering phenomenon in Sliding Mode 

control, the ‘saturation’ function is employed here instead 

of ‘signum’ function. 

3. Simulation model of PEMFC and proposed Sliding Mode 

Control 

The developed mathematical models of PEMFC 

presented in section 2.1 and 2.2 and the Sliding Mode 

controller presented in section 2.3 are built as simulation 

models in MATLAB-SIMULINK. The snapshots of the 

developed simulation models are presented below from 

figure 4 to 6.  

 

 

 

Fig 3. Schematic diagram of Sliding Mode Controller 
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Fig 4. PEMFC Model 

 

Fig 5. Anode Model 

 

 

Fig 6. Cathode Model 
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4. Results and discussion 

The PEMFC Stack voltage, State space dynamic anode 

and cathode model along with Sliding Mode Controller 

have been developed in MATLAB-SIMULINK, version 

8.1 (R2013a).In order to keep the partial pressure of 

Hydrogen at anode and Oxygen at cathode side at set-points 

3atm, 4atm and 5atm under dynamic load changing 

condition, two Sliding Mode Controllers are employed on 

both sides of the PEMFC.  

The large deviation of reactant pressure from the set-

point will rush the membrane at high pressure side and also 

lead to severe damage to membrane and thereby shortening 

the life of PEMFC. Hence, it is very much essential to 

ensure the difference between these pressures are 

maintained at the smallest possible level and also keep the 

constant reactant pressure on both sides of the Polymer 

Electrolyte Membrane. This helps to improve the 

performance and life of PEMFC. 

The simulation results of proposed Sliding Mode 

Controller, for dynamic load changing profile with the step 

change in set-point from 3atm to 5atm, have been compared 

with the results of PI controller and presented graphically 

through figures 8 to figure 13.  

The dynamic load profile for the simulation experiments 

is generated using a timer in the Simulink. The dynamic 

load profile for assessing the performance of PEMFC is 

shown in Figure 7.  

When the dynamic load change is applied, the Fuel Cell 

current, Stack Voltage and Power Demand vary between 

6.5 and 165.5A, 28.2 and 33.1V and 0.22 and 4.49KW 

respectively. These are presented in Figure 8, 9 and 10 

respectively. The difference between the response of 

proposed SMC and conventional PI controller is shown in 

these figures with a portion zoomed. 

 

Fig 7. Dynamic load profile 

 

 

Fig 8.PEMFC output current   Fig 9.PEMFC power output  
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Fig 10.PEMFC stack voltage 

The hydrogen flow rate of PEMFC under Sliding Mode 

Control varies between 0.176 and 4.4 SLPM, while its value 

changes between 0.133 and 4.49 SLPM under PI control. 

The response of Sliding Mode Control is very fast when 

compared to the PI control except for the load changing 

condition which is shown in Figure 11 .At the cathode side, 

the Oxygen flow rate varies in the range of 0.86 to 13.68 

SLPM and 0.35 to 13.23 SLPM for Sliding Mode Control 

and PI control respectively. 

As seen in Figure 11, PEMFC with Sliding Mode 

Control regulates Oxygen flow rate very smoothly and 

quickly during dynamic load change. Since oxygen flow 

rate is more sensitive than hydrogen flow rate under 

dynamic load changing condition, its variation is larger 

when compared with the hydrogen flow rate.

 

 

Fig 11.Mass flow rates of Hydrogen at anode and Oxygen at cathode 

Further, it is evident that the result of maximum 

deviation of hydrogen pressure from reference point is just 

0.04 under Sliding Mode Control against 0.13 deviation of 

PI control. The proposed controller for oxygen pressure 

regulation is much better than the PI control. It produces 

less than 0.001 pressure difference while it is 0.896atm by 

the conventional PI control. These facts can be seen from 

the figure 12. 
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Fig 12.Partial pressures of Hydrogen and Oxygen for step change in set point from 3atm to5atm  

Pressure difference between the reactants is another 

factor to be seriously concerned. The proposed Sliding 

Mode Control keeps the pressure difference between 

reactants below 0.05atm whereas conventional control 

maintains 0.89atm pressure deviation. This can be seen in 

Figure11. Hence, it is evident that the proposed controller 

keeps tracking the reference reactants pressure and avoids 

large pressure difference between reactants on both sides.

 

 

Fig13.Pressure difference between reactants at anode and cathode 

In addition to the graphical presentation of simulation 

results given above, the extracted time response parameters 

from these results are tabulated in Table 1. The error criteria 

IAE,ISE,ITAE and ITSE have been evaluated for both the 

controllers. Again, the values of these error parameters also 

show that the proposed Sliding Mode Controller performs 

much better than the conventional PI controller. 
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TABLE 1: COMPARISON OF ERRORS EXHIBITED BY SLIDING MODE AND PI CONTROLLERS 

CONTROLLER 

PH2 PO2 

IAE ISE ITAE ITSE IAE ISE ITAE ITSE 

PI 3.328 0.812 248.389 24.58 29.64 15.648 2558.71 1233.757 

SMC 0.736 0.617 33.482 10.538 2.433 0.731 175.526 12.240 

 

CONCLUSION 

This study reveals that the proposed Sliding Mode 

Controller protects the membrane from severe damage 

which is caused by large pressure deviation of reactants to 

prolong the life of the stack. A MIMO non-linear control 

oriented dynamic model is developed and the Sliding Mode 

Controllers are used for the regulation of hydrogen pressure 

at anode side and oxygen pressure at the cathode by 

controlling the mass flow rate of the reactants. The 

resultsprove that the proposed Sliding Mode Controller 

performs much better than the conventional PI controller, 

under dynamic load change conditionsfor various set-

points. 
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NOMENCLATURE 

ENernst Nernst voltage Volts 

ηact Activation loss  Volts 

ηohm Ohmic loss  Volts 

ηconc concentration loss  Volts 

N 
Number of fuel cells in the 
stack 

-- 

V0 Open cell voltage Volts 

R Universal gas constant J/mol-K 

T Temperature of the stack K 

F Faraday’s constant C/mol 

PH2
, PH2Oa

 
Partial pressure of Hydrogen 
and Water at anode 

Atm 
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PO2
, PN2

and PH2Oc
 

Partial pressure of Oxygen , 
Nitrogen and Water at cathode 

respectively 

Atm 

 

Pv, Pa and Pc 
saturated vapour pressure, total 
anode and cathode pressures 

Atm 

r Area specific resistance KΩ-cm2 

m, n 
Coefficients of mass transfer 

voltage 
-- 

If, I0, In 
Output, Exchange and Internal 
Current Densities respectively 

A/cm2 

A Cell active area cm2 

Va, Vc 
Volume of anode and cathode 
respectively 

m3 

∅aand ∅c 
Relative humidities on the 

anode and the cathode sides 
-- 

Ist Stack Current A 

ca, ca Conversion factor -- 

ua, uc Control variables -- 

a1, a2 Constants -- 

𝑚̇𝑎𝑖𝑛
,𝑚̇𝑐𝑖𝑛

 
Total Mass flow rate at anode 

and cathode respectively 
mol/s 

𝑚̇𝐻2𝑖𝑛
,𝑚̇𝐻2𝑜𝑢𝑡

 
Mass flow rate of  hydrogen at 
anode Inlet and outlet 

respectively 

mol/s 

𝑚̇H2Oain
, 𝑚̇H2Oaout

 
Mass flow rate of  water at 
anode Inlet and outlet 

respectively 

mol/s 

𝑚̇H2Ocin
, 𝑚̇H2Ocout

 
Mass flow rate of water at 
cathode Inlet and outlet 

respectively 

mol/s 

𝑚̇𝑁2𝑖𝑛
,𝑚̇𝑁2𝑜𝑢𝑡

 
Mass flow rate of  nitrogen at 
cathode Inlet and outlet 

respectively 

mol/s 

𝑚̇𝑂2𝑖𝑛
,𝑚̇𝑂2𝑜𝑢𝑡

 
Mass flow rate of oxygen at 
cathode Inlet and outlet 

respectively 

mol/s 

 
 

 

 

 

 

 

 

 

 


