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H I G H L I G H T S  

• This paper establishes a comprehensive control-oriented PEMFC system model for control research. 
• The influence of water content λ is considered in the parameter identification of semi-empirical equations. 
• Fuzzy control and RBF neural network are introduced to optimize the temperature control effect. 
• The parasitic power of fan is investigated.  
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A B S T R A C T   

Proton exchange membrane fuel cell (PEMFC) is the most promising future energy source owing to its low 
operating temperature, high energy efficiency, high power density, and environmental friendliness. In this paper, 
a comprehensive PEMFC system control-oriented model with parameter identification is developed, which in
cludes various subsystems and components such as the hydrogen supply subsystem, air supply subsystem, 
thermal management subsystem. To investigate temperature control strategy by the thermal management sub
system, the energy balance equation is used for the PEMFC stack, water tank and radiator to reflect the transient 
temperature variation during the operation. Four typical temperature control strategies are implemented on the 
thermal management subsystem and their performances are evaluated in terms of temperature profiles, over
shoot and integral absolute error criterion (IAE). Besides, this paper also considers the parasitic power of the fan 
under different control strategies. It is found that among the four strategies, Case 4 has the best performance on 
the controlling both water pump and fan with the PID. To improve the control effect further, fuzzy control is 
introduced to optimize the PID controller of the pump, and the radial basis function (RBF) neural network is 
introduced to optimize the PID controller of the fan. The results demonstrate that Fuzzy-PID and RBF-PID can 
achieve a better control effect with 22.66% decrease in IAE of Tst (stack temperature) and 77.56% decrease in 
IAE of Tin (inlet cooling water temperature).   

1. Introduction 

With the increasingly serious environmental pollution, proton ex
change membrane fuel cell (PEMFC) has received extensive attractions. 
It is regarded as the most promising alternative power source owing to 
its outstanding merits, such as high efficiency, high power density and 
no by-products with emission. During the operation of PEMFC, there 
exists an appreciable amount of heat, which should be appropriately 
removed to maintain an appropriate working temperature because too 

high temperature is bad for the lifetime of the membrane electrode as
sembly, and too low temperature is not conducive for the electro
chemical reactions [1]. Thus, the introduction of a heat management 
subsystem is critical. Heat management system not only helps control 
the stack temperature in an appropriate range but also helps reduce the 
temperature difference among individual cells, which can cause thermal 
stress [2]. According to the difference in cooling methods, it can be 
classified into air-cooling and water-cooling. Water-cooling is usually 
adopted for large-scale stacks whose rated power exceeds 10 kW. To 
establish a comprehensive water-cooled PEMFC system model for 
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Nomenclature 

Latin symbols 
ai Water activity 
A Area of membrane (cm2) 
AV Full open area of the nozzle (m2) 
AT Open area of the nozzle (m2) 
cv Water concentration (mol/cm3) 
cv,an Water concentration in the anode (mol/ cm3) 
cv,ca Water concentration in the cathode (mol/cm3) 
CD Discharge coefficient of the nozzle 
CO2 Dissolved oxygen concentration (mol/ cm3) 
Cst Specific heat capacity of the PEMFC stack (J/kg•K) 
Dw Diffusion coefficient of water in the membrane (cm2/s) 
Eexp Experimental voltage (V) 
Enerst Nernst voltage (V) 
F Faraday number (C/mol) 
in No-load current (A) 
I Current (A) 
IAE Integral of absolute error 
Jcp Combined inertia of the compressor and the motor (kg•m2) 
J Current density (A/ cm2) 
Jmax Limiting current density (A/ cm2) 
kca,out Nozzle constant of cathode (kg/s•Pa) 
krad Heat transfer coefficient of radiator (W/ m2•K) 
Kd Differential gain 
Ki Integral gain 
Kp Proportional gain 
l Membrane thickness (cm) 
mrad Mass of cooling water in the radiator (kg) 
mH2 ,an Mass of hydrogen in the anode (kg) 
mN2 ,ca Mass of nitrogen in the cathode (kg) 
mO2 ,ca Mass of oxygen in the cathode (kg) 
mw,an Mass of water in the anode (kg) 
mw,ca Mass of water in the cathode (kg) 
mtank Mass of water tank (kg) 
M Mach number 
Mst Mass of the PEMFC stack (kg) 
MSE Mean square error 
pH2 ,an Pressure of hydrogen in the anode (Pa) 
pv,an Pressure of vapor in the anode (Pa) 
n Number of cells 
nd Electro-osmotic drag coefficient 
Nv,osmotic Net water flow from anode to cathode (mol/s•cm2) 
Nv,diff Net water flow from cathode to anode (mol/s•cm2) 
Nbc Rotating speed of hydrogen pump (rpm) 
patm Atmosphere pressure (Pa) 
pca Cathode total pressure (Pa) 
PEMFC Proton exchange membrane fuel cell 
pbc Pressure difference of hydrogen pump (kPa) 
pcp,in Pressure of compressor inlet air (Pa) 
pcp,out Pressure of compressor outlet air (Pa) 
pN2 ,ca Pressure of nitrogen in the cathode (Pa) 
pO2 ,ca Pressure of oxygen in the cathode (Pa) 
pv,ca Pressure of vapor in the cathode (Pa) 
prm Return manifold pressure (Pa) 
ps Static pressure of the fan (Pa) 
psm Supply manifold pressure (Pa) 
psat Water saturation vapor pressure (Pa) 
Pst Output power of the PEMFC stack (W) 

Pfan Power of the fan (W) 
qair Air flow rate (kg/s) 
Qcl Heat carried out by the cooling water (W) 
Qgas Heat carried out by the inlet and outlet gas (W) 
Qatm Radiation heat dissipated by the PEMFC stack (W) 
Qtot Total chemical energy of reactants (W) 
Rc Contact resistance to electron conduction (Ω) 
R Gas constant (J/kg•K) 
Rm Membrane resistance to proton conduction (Ω) 
RBF Radial Basis Function 
Tatm Atmosphere temperature (K) 
Tcp,in Temperature of compressor inlet air (K) 
Tin Temperature of inlet cooling water (K) 
Tst Temperature of stack (K) 
Ttank Temperature of water tank (K) 
uf Control input signal of the valve 
Uc Compressor blade tip speed (m/s) 
Vcell Output voltage (V) 
Vst Output voltage of stack (V) 
Vs Simulation voltage (V) 
Wcl Mass flow rate of cooling water (kg/s) 
Wchoked Mass flow rate of critical flow (kg/s) 
WH2 ,an,in Mass flow rate of hydrogen gas entering the anode (kg/s) 
WH2 ,an,out Mass flow rate of hydrogen gas leaving the anode (kg/s) 
Wbc Mass flow rate of hydrogen pump (kg/s) 
WN2 ,ca,in Mass flow rate of nitrogen gas entering the cathode (kg/s) 
WN2 ,ca,out Mass flow rate of nitrogen gas leaving the cathode (kg/s) 
WO2 ,ca,in Mass flow rate of oxygen gas entering the cathode (kg/s) 
WO2 ,ca,out Mass flow rate of oxygen gas leaving the cathode (kg/s) 
Wf Mass flow rate of proportional valve (kg/s) 
Wv,ca,in Mass flow rate of vapor entering the cathode (kg/s) 
Wv,ca,out Mass flow rate of vapor leaving the cathode (kg/s) 
Wv,membr Mass flow rate of water transfer across the membrane (kg/ 

s) 
Wv,an,in Mass flow rate of water vapor entering the anode (kg/s) 
Wv,an,out Mass flow rate of water vapor leaving the anode (kg/s) 
WH2 ,reacted Rate of hydrogen reacted (kg/s) 
Wl,an,out Rate of liquid water leaving the anode (kg/s) 
Wl,ca,out Rate of liquid water leaving the cathode (kg/s) 
WO2 ,reacted Rate of oxygen reacted (kg/s) 
Wv,ca,gen Rate of vapor generated in the fuel cell reaction (kg/s) 

Greek symbols 
γ Specific heat capacity ratio 
ηact Activation loss (V) 
ηconc Concentration loss (V) 
ηfan Efficiency of the fan 
ηcm Motor mechanical efficiency 
ηohmic Ohmic loss (V) 
θrm Valve opening 
λ Water content 
ρm Membrane resistivity (Ω•cm) 
τcm Compressor motor torque input (N•m) 
τcp Torque required to drive the compressor (N•m) 
Φ Normalized compressor flow rate 
ϕan Relative humidity of anode 
ϕca Relative humidity of cathode 
Ψ Dimensionless head parameter 
ωcp Compressor speed (rad/s)  
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control strategy research, various auxiliary equipment should be 
involved. The block diagram of the PEMFC system for a water-cooled 
stack considered in this paper is shown in Fig. 1. The arrow direction 
in the figure represents the direction of signal transmission. 

The PEMFC system shown in Fig. 1 mainly comprises four parts: the 
air supply subsystem, the hydrogen supply subsystem, the heat man
agement subsystem, and the PEMFC stack. In the air supply subsystem, 
the air compressor is used to suck in air from the atmosphere and in
crease the inlet air pressure. The intercooler helps to cool down the high- 
temperature air flowing out of the compressor, and the humidifier in
creases the relative humidity of inlet air to avoid membrane dehydration 
caused by insufficient gas humidification [3]. The back pressure valve in 
the PEMFC stack discharges cathode exhaust gas into the atmosphere. In 
the hydrogen supply subsystem, the hydrogen tank serves as the 
hydrogen source, and the hydrogen pump is used to recycle the anode 
exhaust gas to improve fuel utilization. Anode gas also needs to be hu
midified before entering the PEMFC stack. It is found in [4] that hu
midification significantly influences the PEMFC output performance. In 
the heat management subsystem, the cooling water first exchanges heat 
with the fuel cell and then reenters the fuel cell after being cooled by the 
cooling fan or the heat exchanger [58], thus forming a circulating 
cooling water system. In the following a brief review is presented from 
different aspects of modeling and control of PEMFC system. 

First the models of PEMFC stack-itself is considered. In this aspect, 
the mechanism model, data-driven model, and semi-empirical model are 
the mainstream modeling methods for the stack-level PEMFC model. 
The mechanism models are established on the thermodynamics, heat 
transfer, electrochemistry, and fluid mechanics equations. Thus, the 
solution process is complicated and time-consuming [6]. Besides, due to 
current limitations in computing power, the mechanism model is diffi
cult to apply to high-power PEMFC stack simulation. Thus, the mecha
nism model isn't suitable for the control-oriented application. As for the 
data-driven model, machine learning methods such as the BP neural 
network [7], Elman neural network [8], and SVM [9] are often chosen to 
predict the output performance of PEMFC and this modeling method is 
widely used in the degradation prediction and health diagnosis of 
PEMFC due to its accuracy and rapidity [54–56]. Because the data- 
driven model is essentially a non-linear fitting model without internal 
mechanisms, all of the input-output relations of PEMFC are established 
primarily based on the experimental data [7]. Thus, it lacks interpret
ability and universality. Moreover, a large amount of experimental data 
are needed for a data-driven model, which needs tedious and expensive 
experimentation. This paper adopts the semi-empirical PEMFC model 
for its polarization curve since it is more accurate and readily available 
in engineering applications [10]. Furthermore, the operation of a semi- 
empirical model is fast enough for control-oriented research. So far most 
semi-empirical models fail to reflect the fluid dynamics occurring 
through the flow path, and the water content is always treated as a 

constant [25,28,34]. In fact, the gas fluid dynamics affects PEMFC 
performance and the water content will change as the operation con
dition changes, which can appreciably affect the performance of the fuel 
cell. To consider these factors, this paper includes four interacting 
modules in the semi-empirical PEMFC stack controlling model: stack 
voltage, anode flow channel, cathode flow channel, and membrane 
hydration modules. 

Second the parameter identification involved in the semi- empirical 
model is discussed. To make the simulation data of semi-empirical 
model and the experimental data as consistent as possible, heuristic 
algorithms are often used to identify the optimal parameters 
[5,6,10–18]. Ye [5] used PSO to estimate the parameters of PEMFC, and 
the estimated results are compared with a genetic algorithm, it turns out 
that PSO can get better results under different working conditions. To 
improve the convergence to the global optimal solution, a modified 
version of PSO was proposed. Tribe-PSO was proposed for the 7-param
eter PEMFC model, and its result is highly superior to earlier PSO 
methodologies [11]. Li [12] proposed an effective informed adaptive 
PSO (EIA-PSO) with a balance between global search and local search. 
Singh [13] combined PSO with DOX to estimate the parameters of 
PEMFC, the new hybrid algorithm can achieve the minimum value of 
SSE than other algorithms involved in comparison. There are many 
other kinds of heuristic algorithms and their variants for parameter 
estimation of PEMFC modeling. Literature [18] provided a compre
hensive review of parameter estimation techniques for PEMFC. In this 
paper, several classical heuristic algorithms in PEMFC parameter iden
tification are compared with the most advanced heuristic algorithm, 
IABC [10]. However, as known to the authors, almost all literatures on 
PEMFC parameter identification treat the water content as a constant 
and ignore its variation during operation. In this paper, the membrane 
hydration model is incorporated to reflect the variation of water content 
and its influence on performance is considered in the parameter iden
tification process. 

Third, the system-level model of PEMFC is concerned. As indicated 
above, a PEMFC system is actually composed of four subsystems. Hence, 
auxiliary equipment models such as air compressors, radiators, 
hydrogen circulation loop, and so on need to be considered. However, 
currently, very few literature includes the air supply subsystem, 
hydrogen supply subsystem, and thermal management subsystem 
simultaneously [2,48]. This paper proposes a control-oriented model 
which includes all the subsystems, and can reflect the variation of stack 
temperature and flow channel pressure during the control process. 

Finally comes the control aspect. There are many methods for the 
temperature control of water-cooled PEMFC, such as PID and On/Off 
control [19,20], state feedback control [21], neural network control 
[22], LQR optimal control [23], MPC [24],AC [25], ADRC [26], SMC 
[27] and fuzzy control [28–30]. Advanced control algorithms theoreti
cally have better control effects, but the implementation and 

Fig. 1. Schematic of system block.  
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maintenance in practical engineering are difficult. Due to the complexity 
and nonlinearity of PEMFC, these advanced control algorithms face 
some challenges, such as complicated calculations and difficult 
constraint settings [31]. Moreover, advanced control method such as 
predictive control is usually based on linear system, thus it will consume 
upfront time to form an approximately linear model from the nonlinear 
PEMFC system [49], which will cause model mismatch sometimes [50]. 
In practical engineering, the application of PID is much more extensive. 
Although the PID controller has the advantages of simple structure and 
good robustness, it will not be widely used when the characteristics of 
the model change momentarily because of its fixed coefficients [32]. In 
this context, some researchers have studied the improvement of PID by 
combining intelligent algorithms, such as SSA-PID [31], Fuzzy-PID 
[33,53] and NN-PID [32,34].However, there are relatively few litera
tures combining intelligent algorithms with traditional PID at present, 
especially in the temperature control of PEMFC [31]. The combination 
of intelligent algorithms and PID can optimize the control parameters of 
PID in real-time according to the system status, which is similar to 
adaptive control. Intelligent PID can achieve better control effects than 
traditional PID and is easy to implement in practical engineering. In this 
paper, a Fuzzy controller is adopted to optimize the PID of the water 
pump, and an RBF neural network is adopted to optimize the PID of the 
fan in the thermal management subsystem to have a better control effect 
on the temperature. Moreover, this paper investigates the parasitic 
power of the fan under different control strategies, which is seldom 
considered in the present literatures. 

The rest of the paper is organized as follows. In Section 2 a nonlinear 
dynamic model of the PEMFC system is established in detail, especially 
for the PEMFC stack model. Section 3 presents the temperature control 
strategies. Then in Section 4 the fuzzy-PID control strategy is provided 
for the temperature control. Section 5 discusses the RBF-PID control 
approach for temperature. Finally, some conclusions are given in Sec
tion 6. The proposed comprehensive model is established in Matlab- 
Simulink environment and all the control strategies are implemented 
on the simulation model. 

2. PEMFC system model 

In this section, a nonlinear dynamic model of the PEMFC system with 
various auxiliary components is established using electrochemical, 
thermodynamic, heat transfer, and fluid mechanics principles. 

2.1. PEMFC stack model 

The present PEMFC stack model is shown in Fig. 2, which consists of 
four parts: the stack voltage model, the anode flow model, the cathode 
flow model, and the membrane hydration model. Cathode flow model 
can provide the partial pressure of oxygen to the stack voltage model, 
anode flow model can provide hydrogen partial pressure to it and 
membrane hydration model can provide the water content to it. The 

arrow direction in the figure represents the direction of signal trans
mission. The four sub-models are presented in detail individually. 

2.1.1. Cathode flow model 
The cathode flow model calculates the variable air flow rate inside 

the cathode channel. The physical properties, such as pressure, tem
perature, humidity, and flow rate of the cathode are varied with the 
operation condition. 

Mass conservation is used to balance the mass of three elements 
(oxygen, nitrogen and water) inside the cathode volume shown by: 

dmO2 ,ca

dt
= WO2 ,ca,in − WO2 ,ca,out − WO2 ,reacted (1)  

dmN2 ,ca

dt
= WN2 ,ca,in − WN2 ,ca,out (2)  

dmw,ca

dt
= Wv,ca,in − Wv,ca,out + Wv,ca,gen + Wv,membr − Wl,ca,out (3)  

where WO2 ,ca,in is the mass flow rate of oxygen gas entering the cathode; 
WO2 ,ca,out is the mass flow rate of oxygen gas leaving the cathode; 
WO2 ,reacted is the rate of oxygen reacted; 
WN2 ,ca,in is the mass flow rate of nitrogen gas entering the cathode; 
WN2 ,ca,out is the mass flow rate of nitrogen gas leaving the cathode; 
Wv,ca,in is the mass flow rate of vapor entering the cathode; 
Wv,ca,out is the mass flow rate of vapor leaving the cathode; 
Wv,ca,gen is the rate of vapor generated in the fuel cell reaction; 
Wv,membr is the mass flow rate of water transfer across the membrane; 
Wl,ca,out is the rate of liquid water leaving the cathode. 
The inlet flow terms (with subscript in) are obtained from the air 

supply subsystem model, which will be introduced in detail later. The 
outlet mass flow rate calculation, is shown below. The oxygen reacted, 
and water produced in the reaction can be calculated through the 
electrochemical principles: 

Wca,out = kca,out(pca − prm) (4)  

where pca is the cathode total pressure, and prm is the return manifold 
pressure. After obtaining the masses of oxygen, nitrogen, and vapor, the 
partial pressures of different gases in the cathode channel can be 
calculated through ideal gas law: 

pO2 ,ca =
mO2 ,caRO2 Tst

Vca
(5)  

pN2 , ca =
mN2 , caRN2 Tst

Vca
(6)  

pv,ca =
mv,caRvTst

Vca
(7) 

Electrochemistry principles are used to calculate the rate of oxygen 
consumption and water production in the reaction: 

WO2 ,reacted = MO2 ×
nIst

4F
(8)  

Wv,ca,gen = Mv ×
nIst
2F

(9)  

where n is the number of cells in the stack and F is the Faraday number. 
To obtain the relative humidity of the cathode which is needed in the 
membrane hydration model, the following equation is used: 

ϕca =
pv,ca

psat(Tst)
(10)  

where Psat is calculated from Eq.(11) [35]:   

Fig. 2. Schematic of PEMFC stack block.  
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2.1.2. Anode flow model 
Similar to the cathode flow model, the mass flow rate variation of 

hydrogen and water inside the anode flow channel will be determined 
by the mass conservation as below: 

dmH2 ,an

dt
= WH2 ,an,in − WH2 ,an,out − WH2 ,reacted (12)  

dmw,an

dt
= Wv,an,in − Wv,an,out − Wv,membr − Wl,an,out (13)  

where WH2 ,an,in is the mass flow rate of hydrogen gas entering the anode; 
WH2 ,an,out is the mass flow rate of hydrogen gas leaving the anode; 
WH2 ,reacted is the rate of hydrogen reacted; 
Wv,an,in is the mass flow rate of water vapor entering the anode; 
Wv,an,out is the mass flow rate of water vapor leaving the anode; 
Wv,membr is the mass flow rate of water transfer across the membrane; 
Wl,an,out is the rate of liquid water leaving the anode. 
The mass flow rate of the hydrogen and water vapor calculated is 

used to determine anode vapor partial pressure pv,an, hydrogen partial 
pressure pH2 , and the relative humidity of the gas inside the anode ϕan. 
The partial pressure is calculated using the ideal gas law: 

pH2 ,an =
mH2 ,anRH2 Tst

Van
(14)  

pv,an =
mv,anRvTst

Van
(15)  

ϕan =
pv,an

psat(Tst)
(16)  

2.1.3. Membrane hydration model 
The membrane hydration model is coupled with cathode and anode 

flow models. Fig. 3 demonstrates the calculation schematic diagram of 
the membrane hydration model. It can be found that the membrane 
water content λm and the rate of mass flow across the membrane Wv,membr 
are functions of the stack current, temperature and the relative humidity 
of the flow inside the anode. 

The water transport across the membrane is achieved through two 
distinct phenomena [35]. Firstly, when protons migrate across the 
proton exchange membrane from anode to cathode, water molecules are 
also dragged from anode to cathode, which is called the electro-osmotic 
drag effect. This phenomenon can be described by: 

Nv,osmotic = nd
i
F

(17) 

The second phenomenon is called back-diffusion, which causes water 

across the membrane from cathode to anode by the gradient of water 
concentration. The water flux Nv,diff caused by this phenomenon can be 
described by: 

Nv,diff = Dw
dcv

dy
(18) 

Combining the two water transports and approximating the water 
concentration distribution in the membrane to be linear over the 
membrane thickness, the water flow across the membrane Nv,membr can be 
written as: 

Nv,membr = nd
i
F
− Dw

(
cv,ca − cv,an

)

tm
(19) 

To obtain the electroosmotic coefficient nd and diffusion coefficient 
Dw, the water content λm should be determined by water activity. 

λi =

⎧
⎨

⎩

0.043 + 17.81ai − 39.85a2
i + 36.0a3

i , 0 < ai ≤ 1
14 + 1.4(ai − 1) , 1 < ai ≤ 3

(20)  

nd = 0.0029λ2
m + 0.05λm − 3.4 × 10− 19 (21)  

Dw = Dλexp
(

2416
(

1
303

−
1
Tst

))

(22)  

where Dλ depends on the water content in the membrane. 

Dλ =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

10− 6 , λm < 2

10− 6(1 + 2(λm − 2) ) ,2 ≤ λm ≤ 3

10− 6(3 − 1.67(λm − 3) ) ,3 < λm < 4.5

1.25 × 10− 6 , λm ≥ 4.5

(23) 

All the above empirical formulas are from literature [35]. 

2.1.4. Stack voltage model 
When the fuel cell is not connected to an external circuit, its ther

modynamic potential at a given pressure and temperature can be 
calculated using the Nernst equation. However, when the fuel cell is in a 
closed circuit, different physical and chemical phenomena can lead to 
various voltage losses, including activation loss, ohmic loss, and con
centration loss. Thus, the voltage of a fuel cell can be expressed by the 
following expression: 

Vcell = Enerst − ηact − ηohmic − ηconc (24)  

where Enerst is the Nernst voltage, ηact stands for the activation loss, 
ηohmic represents the ohmic loss and ηconc represents the concentration 
loss. To determine these losses, the following semi-empirical equations 
are used and the meanings of different terms in the equations can be 
found in related literatures [10–25]: 

Enerst = 1.229 −
ΔS
nF
(
T − Trif

)
+

RT
nF

ln

(
pH2 p0.5

O2

pH2O

)

(25)  

ηact = ξ1 + ξ2T + ξ3T[In(CO2 ) ] + ξ4T[In(I) ] (26)  

I = i + in (27)  

ηohmic = IRint = I(Rm + Rc) (28)  

Fig. 3. Schematic diagram of the membrane hydration model.  

log10(Psat) = − 1.69 × 10− 10T4 + 3.85 × 10− 7T3 − 3.39 × 10− 4T2 + 0.143T − 20.92 (11)   
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Rm =
ρml
A

(29)  

ρm =

181.6

[

1 + 0.03
(

I
A

)

+ 0.062
(

T
303

)2( I
A

)2.5
]

[

λ − 0.634 − 3
(

I
A

)]

exp
[

4.18
(

T − 303
T

)] (30)  

ηconc = − bIn
(

1 −
J

Jmax

)

(31) 

In Eq. (26), ξ1, ξ2, ξ3, ξ4 are unknown parameters to be determined 
for the activation loss and in in Eq. (27) is the no-load current. In Eqs. 
(28), (29) and (30), RC is the external circuit resistance and λ is the water 
content in membrane, l is the thickness of membrane, A is the area of 
membrane and T is the operation temperature of PEMFC stack. In Eq. 
(31), b is a scale factor for concentration loss and Jmax is the limiting 
current density. 

2.1.5. Parameters identification 
In the above equations several unknown parameters are involved. 

Parameter identification for these unknown parameters aims to make 
the simulation result as consistent as possible with the experimental 
data. In other words, parameter identification is used to make the semi- 
empirical model describe the actual PEMFC stack as accurately as 
possible. Thus, obtaining experimental data is the first stage for 
parameter identification. 

One of the main contents of this paper is to establish the following 
functional relationship between the output voltage and operation con
dition of the fuel cell stack. The relationship relies on the experimental 
data and the semi-empirical equations listed in Section 2.1.4: 

Vs = f(ξ1, ξ2, ξ3, ξ4,Rc, b, λ, Jmax, in, I, PO2 , PH2 ,T) (32) 

The main electrical specifications and operating conditions of the 
experimental stack are given in Table 1. All the seven parameters in 
Table 1 are either specified by the stack itself (cell number) or deter
mined by the operation condition (such as operation temperature). 
Thus, they do not need to be identified. Because the water content λ will 
change with the operation condition according to the membrane hy
dration model proposed in Section 2.1.3, the membrane is fully hu
midified by other passive means before the experimentation to make λ a 
constant value of 14, which will avoid the influence caused by the 
variation of λ. Thus, there is no need to consider the changes in λ for the 
case studied. In addition, apart from λ, there are six structure or oper
ating parameters shown in Table 1 will not be taken into account 
neither. Therefore, only seven unknown parameters in Eq. (32) need to 
be identified for the semi-empirical model of PEMFC, which are ξ1,ξ2,ξ3,

ξ4,Rc,b and in. The mean square error (MSE) is introduced to evaluate the 
optimization degree defined by Eq. (33), where Vs represents simulation 
voltage, Eexp represents experimental voltage and n is the number of data 
sets. 

MSE =
1
n
∑n

i=1

(
Vs − Eexp

)2 (33) 

Seven classic heuristic algorithms used in PEMFC parameters iden
tification are chosen in the paper, which are PSO [5], GA [14], DE [15], 
BES [16], HGS [17], ABC [10] and IABC [10]. The results are compared 
in Fig. 4 and Fig. 5. And the MSE of different algorithms is listed in 
Table 2. It can be seen that IABC obtains the smallest MSE with the 
fastest convergence speed, which indicates the predicted data obtained 
by IABC is the closest to the experimental data. It may be noted that from 
Fig. 5 some algorithms (GA, DE, PSO) haven't converged yet, while IABC 
has got converged results, which also proves the superiority of IABC. 
Thus, the parameters obtained by IABC are adopted for the semi- 
empirical model in this paper, which is given in Table 3. Fig. 6 shows 
the simulation data and experimental data with relative error and 
demonstrates the polarization curve obtained by simulation. It can be 
found that the simulation data is highly consistent with the experimental 
data and the maximum relative error is <0.8%. From the perspective of 
the proposed time of different algorithms, the more novel the algorithm, 
the generally stronger its optimization ability, corresponding to a 
smaller MSE. 

For the detailed algorithms implementation steps and their operation 
principle to the parameter identification, Refs. [10–18] can be con
sulted. The results are shown in Table 3. 

2.2. Air supply subsystem 

When the air enters the air supply system, it will flow through the air 
compressor, supply manifold, intercooler, and humidifier in sequence. 
Below is a brief introduction to the modeling methods of these 
components. 

2.2.1. Air compressor 
The centrifugal air compressor is commonly adopted in real PEMFC 

system owing to its high specific power and efficiency. The compressor 
model consists of two parts: the first part is the characteristics of 
compressor, which is a static compressor map that determines the air 
flow rate. The second part is the drive motor, which determines the 
compressor speed. Fig. 7 demonstrates the relation between these two 
parts, the compressor map provides the torque τcprequired to drive the 
compressor to the drive motor, and the drive motor provides the 
compressor map with the compressor speed ωcp. 

To obtain the air mass flow Wcp, pressure ratio and speed of the 
compressor are needed. The normalized compressor flow rate Φ can be 
obtained by: 

Φ = Φmax

[

1 − exp
(

β
(

Ψ
Ψmax

− 1
))]

(34)  

where Ψ is the dimensionless head parameter, which is defined by: 

Ψ =

CpTcp,in

[(

pcp,out
pcp,in

)
γ− 1

γ − 1

]

(
U2

c
2

) (35)  

where the inlet air temperature Tcp,in is in Kelvin and Uc is the 
compressor blade tip speed. To determine the values of Φmax, β, and 
Ψmax, polynomial functions of Mach number M is used shown in Eq. (36) 
and the coefficients in it are obtained by approximating the compressor 
map through curve fitting method. 

Φmax = a4M4 + a3M3 + a2M2 + a1M + a0
β = b2M2 + b1M + b0

Ψmax = c5M5 + c4M4 + c3M3 + c2M2 + c1M + c0

(36) 

The inlet Mach number M is defined by: 

M =
Uc
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
γRaTcp,in

√ (37) 

Table 1 
The electrical specifications and operating conditions of the experimental stack.  

Parameter Value Unit 

The cell number n 215 – 
The area of membrane A 240 cm2 

limiting current density Jmax 2 A/cm2 

Operation temperature T 343 K 
Hydrogen pressure PH2 1.2 bar 
Oxygen pressure PO2 0.2935 bar 
Water content λ 14 –  
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The dynamic behavior of the compressor speed can be described as 
below [57]: 

Jcp
dωcp

dt
=
(
τcm − τcp

)
(38)  

where Jcp is the combined inertia of the compressor and the motor; 

ωcp is the compressor speed; 
τcm is the compressor motor torque input; 
τcp is the torque required to drive the compressor. 
The torque required to drive the compressor is calculated using 

thermodynamic equation: 

τcp =
Cp

ωcp

Tatm

ηcp

[(
psm

patm

) γ− 1
γ − 1

]

Wcp (39) 

The drive motor torque is calculated using a static motor equation: 

τcm = ηcm
kt

Rcm

(
vcm − kvωcp

)
(40)  

where kt , Rcm, and kv are motor constants and ηcm is the motor me
chanical efficiency. 

In practical engineering, air compressor mainly controls the cathode 
oxygen excess ratio through the motor drive voltage vcm [46]. 

Fig. 4. Iteration curve of different algorithms.  

Fig. 5. Local enlarged drawing of Fig. 4.  

Table 2 
The MSE of different algorithms.  

Algorithm MSE Proposed time 

GA 0.83073810 1975 
PSO 0.53551633 1995 
DE 0.36248159 1995 
ABC 0.24316779 2005 
BES 0.11058377 2019 
HGS 0.15559877 2021 
IABC 0.10112899 2023  

Table 3 
The parameters obtained by IABC.  

Parameters ξ1 ξ2 ξ3 ξ4 Rc b in 

Value − 1.0061 0.00499 3.63e-5 − 9.54e-5 0.00048 0.0136 4.308  
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2.2.2. Intercooler and humidifier 
The intercooler is used to cool down the air leaving the supply 

manifold for its temperature is usually high due to the high temperature 
of air leaving the compressor, which can ensure the safety operation of 
PEMFC stack. Humidifier is responsible for humidifying the inlet air to 
prevent the PEMFC stack from dehydration without sufficient gas hu
midification. However, excess humidification will also reduce the 
PEMFC stack performance by liquid water flooding [36]. Hence, main
taining the appropriate humidity is important for the PEMFC stack. The 
most common humidifiers adopted are spray humidifier, membrane 
humidifier and enthalpy humidifier. 

This study focuses on the PEMFC stack temperature control, the 
cooling and humidification of the inlet air are assumed to be appropriate 
for simplicity, and they will not change during the operation. 

2.2.3. Back pressure valve 
To prevent air compressor surge and maintain the stable operation, it 

is necessary to control the cathode channel pressure through the back 
pressure valve. At the cathode outlet of the fuel cell stack, the cathode 
exhaust gas needs to be discharged into the atmosphere through the 
return manifold, and the exhaust gas flow rate is regulated by the back 
pressure valve. Due to the large pressure difference between the cathode 
outlet pressure and atmospheric pressure, the nonlinear nozzle equation 
is used to calculate the flow rate: 

W =
CDATp1
̅̅̅̅̅̅̅̅
RT1

√

(
p2

p1

)
1
γ

{
2γ

γ − 1

[

1 −

(
p2

p1

) γ− 1
γ

]}1
2

for
p2

p1
>

(
2

γ + 1

) γ
γ− 1

(41) 

For critical flow, the mass flow rate is given by: 

Wchoked =
CDATp1
̅̅̅̅̅̅̅̅
RT1

√ γ
1
2

(
2

γ + 1

) γ+1
2(γ− 1) for

p2

p1
≤

(
2

γ + 1

) γ
γ− 1 (42)  

where parameter CD is the discharge coefficient of the nozzle, AT is the 
opening area of the nozzle, and R is the universal gas constant for gas 
mixture. γ is the ratio of the specific heat capacities of the gas cp/cv. In 
the case of air γ = 1.4 and the critical pressure ratio is equal to 0.528. 

The back pressure valve will adjust the opening area of the nozzle AT 
through the valve opening θrm. 

AT = AV • θrm (43)  

where AV is the opening area when the valve is fully open. 

2.3. Hydrogen supply subsystem 

According to the different management methods of anode exhaust 
gas, the hydrogen supply subsystem operation can usually be divided 
into three modes: flow through mode, dead end mode and recycling 
mode (Fig. 8). 

In the flow through mode, the anode exhaust gas in the PEMFC stack 
is directly discharged into the environment through the exhaust valve. 
This mode can avoid the accumulation of nitrogen gas in the flow 
channel, but it causes certain fuel waste and safety hazards, so it is not 
suitable for practical products. In dead end mode, the anode exhaust 
valve is in the closed state, and due to the blockage of the outlet end, the 
nitrogen that penetrates into the anode will gradually accumulate over 
time. Thus, there may be liquid water accumulation downstream of the 
anode flow channel, leading to performance decrease [37]. To avoid this 
phenomenon, the anode exhaust valve needs to be intermittently opened 
according to a certain control strategy [38]. In the recycling mode, an 
additional hydrogen circulation circuit is installed in the hydrogen 
supply subsystem. 

The liquid water is separated through a water separator and then 
recycled through a hydrogen circulation pump or an ejector. Due to the 
presence of water vapor and unreacted hydrogen in the exhaust gas, this 
cycle process not only improves the utilization rate of hydrogen but also 
has a certain degree of humidification effect on the hydrogen at the 
anode inlet. Compared with the first two hydrogen supply modes, 
although the recycling mode increases the complexity of the gas supply 
manifold and may generate additional energy consumption, the system 
overall efficiency still improves [39]. Whether in dead-end mode or 
recycling mode, there is the problem of nitrogen and liquid water 
accumulation in the anode flow channel. 

In this study, recycling mode with hydrogen pump is chosen for it's 
the most common mode used in practical engineering. In this mode, the 
proportional valve can control the anode channel pressure and the 
hydrogen pump can control the stoichiometry of hydrogen. 

2.3.1. Proportional valve 
The proportional valve is regarded as a nozzle with a variable throat 

area, and its behavior can be approximated by a linear function of 
control input signal for simplification [40]: 

Fig. 6. Comparison between simulation data and experimental data.  

Fig. 7. The scheme of a compressor.  
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Wf = uf • Wf ,max (44)  

where uf is the control input signal of the valve that varies from 0 to 1, 
which can also be regarded as the valve opening of the proportional 
valve, and Wf ,max is the mass flow rate at completely opened throat. 

2.3.2. Hydrogen pump 
The modeling method of hydrogen pump is relatively limited in 

current literatures and most of them [40,51,52] is coupled with the drive 
motor, which is complex for calculation and the structure parameters 
are difficult to determine. In this paper, the model of the hydrogen pump 
is established on the MAP diagram of experimental data. Fig. 9 shows 
that the hydrogen mass flow rate is determined by both rotating speed 
and the pressure difference. 

By applying the polynomial fitting method, the function among mass 
flow rate, pressure difference, and rotating speed is derived based on a 
large number of experimental data from the MAP diagram. The same 
modeling method is adopted for the air compressor in reference [2]. 
Firstly, the experimental data are standardized: 

x =
Nbc − μN

σN
(45)  

y =
Pbc − μW

σW
(46)  

where Nbc is the rotating speed, Pbc is the pressure difference, μN and μW 
represent the mean value of experimental data, σN and σW represent the 

standard deviation of experimental data. Then, the flow rate can be 
expressed as: 

Wbc = p00+p10•x+p01•y+p20•x2 +p11•xy+p02•y2 +p30•x3

+p21•x2y+p12•xy2 +p03•y3

(47) 

The coefficients in the equation can be easily obtained by using the 
curve fitting tool in Matlab. 

Fig. 8. The mode of hydrogen supply subsystem operation.  

Fig. 9. The MAP diagram of hydrogen pump.  

Fig. 10. The structure of thermal management system.  
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2.4. Thermal management subsystem 

As shown in Fig. 10, the coolant is circulated through the stack by a 
pump. The heat generated by the PEMFC stack is firstly transferred to 
the cooling water, and then dissipated by means of a radiator-fan, which 
transfers the heat from hot water flow to the environment. 

The energy balance of the PEMFC stack can be written as follows: 

CstMst
dTst

dt
= Qgen − Qdis = (Qtot − Pst) −

(
Qgas + Qcl + Qatm

)
(48)  

wherecst represents the specific heat capacity of the PEMFC stack, and 
Mst represents the mass of the PEMFC stack. Other equation terms are 
specified below: 

Qtot = ṁH2 ,usedΔH =
I × n
2F

ΔH (49)  

Pst = IVst (50)  

Qgas = Qin − Qout (51)  

Qcl = Wcl ccl(Tst − Tin) (52)  

Qatm =
Tst − Tamb

Rt
(53)  

where Qtot is the total chemical energy of reactants, Pst is the output 
power of the PEMFC stack, Qgas is the heat carried out by the inlet and 
outlet gas, Qcl is the heat carried out by the cooling water and Qatm is the 
radiation heat dissipated by the PEMFC stack. 

The energy balance of the water tank can be written as follows: 

mtankccl
dTtank

dt
= Wclccl(Tst − Ttank) (54) 

The function of the water tank is to provide cooling water and serve 
as a heat storage vessel to reduce the temperature fluctuations of the 
outlet cooling water. 

The energy balance of the radiator can be written as follows: 

mradCcl
dTin

dt
= Wclccl(Ttank − Tin) − Qrad (55)  

Qrad = Arad(Tin − Tamb)krad (56)  

where krad is the overall heat transfer coefficient of radiator, which can 
be determined by the following equations [41]: 

Φ = hiAi
(
tfi − twi

)
(57)  

Φ =
λ
δ
Ai(twi − two) (58)  

Φ = hoηoAo
(
two − tfo

)
(59)  

where Ai is the is the water side area, Ao is the air side area, λ is the 
thermal conductivity of radiator, hi is the water side heat transfer co
efficient, ho is the air side heat transfer coefficient and ηo is the overall 
fin surface efficiency. Therefore, the overall heat transfer coefficient 
based on the air side surface area is: 

k =
1

1
hi

Ao

Ai
+

δ
λ

Ao

Ai
+

1
h0η0

(60) 

Reference [2] established a radiator model based on empirical 
equations of heat transfer coefficient, taking into account hi, ho and rib 
efficiency. Although this method is highly consistent with theoretical 
analysis, using empirical equations to approximate the heat transfer 
coefficient will introduce errors. Besides, the fouling thermal resistance 

of radiator is ignored and difficult to determine its specific value. 
Therefore, fitting the relationship between air flow rate and heat 
transfer coefficient of the radiator based on experimental data is simpler 
and more accurate. Because the air-water heat exchanger the major 
thermal resistance is at the air-side, hence, krad is can be determined by 
h0 with enough accuracy which depends on the air flow rate. The 
experimental data of the radiator is shown in Table 4 [47] 

Second-order polynomial is used for data fitting to obtain the fitting 
curve relationship between overall heat transfer coefficient and air flow 
rate, the fitting result is shown in Fig. 11. The fitting evaluation index R- 
square is 0.9895, the maximum relative error is 3.91%, the minimum 
relative error is 0.39%, thus it can be considered that the fitting result is 
consistent with the experimental data. The fitting function is as follows: 

krad = − 13.82q2
air + 70.82qair + 5.019 (61) 

In the thermal management subsystem, power consumption of the 
air fan is much higher than the water pump, usually there is one order of 
magnitude difference. In order to reduce the parasitic power of PEMFC 
system, it is necessary to study the power consumption of the fan, and 
the power consumption of water pump will not be taken into account. 
This paper establishes a power model of the fan based on the fan char
acteristic curve, which is shown in Fig. 12. The power of the fan can be 
expressed as: 

Pfan =

(
N
N0

)2qairPs

ηfan
(62)  

where Ps is the static pressure of the fan, ηfan is the efficiency of the fan, N 
is the rotating speed and N0 is the maximum rotating speed. And Ps and 
ηfan are the function of air flow rate, which can be obtained by curve 
fitting method. Polynomial is used for data fitting to obtain the curve 
function in Fig. 12. 

In this paper the main parameter being controlled is the temperature 
of the fuel cell and various subsystems are incorporated in the PEMFC 
system. Incorporating various subsystem can simulate the PEMFC sys
tem more realistically. For example, when the current disturbance is 
applied to the PEMFC system, the hydrogen supply and air supply sub
system will reflect the variation in anode and cathode pressure, which 
will also have an influence on the temperature. Therefore, only a 
comprehensive PEMFC system model can give realistic temperature 
responses caused by different disturbances. 

3. Temperature control 

Thermal management is needed to remove excess heat and maintain 
the desired stack temperature during operation through a temperature 
control system. In this study, the control system is tasked with keeping 
the PEMFC stack constantly at 343 K while keeping the inlet cooling 
water constant at 333 K. In order to achieve the goal, four typical control 
strategies are chosen, which are summarized in Table 5. 

These strategies are then compared in terms of the deviation of stack 
temperature, captured by the IAE (Integral Absolute Error Criterion). 

Table 4 
Radiator experimental data.  

Air flow rate (kg/s) Heat transfer coefficient (W/m2•K) 

0.503 36.48 
0.647 43.95 
0.791 54.31 
0.935 60.32 
1.079 67.20 
1.223 68.29 
1.367 74.31 
1.511 80.16 
1.654 85.95  
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IAE =

∫

|e(t) |dt (63) 

Here is a brief introduction to PID and On/Off control. PID is the 
most widely used control algorithm in practical engineering, which 
generates the following control quantity based on errors: 

u(t) = Kpe(t) + Ki

∫

e(t)dt + Kd
de(t)

dt
(64)  

where u(t) is the quantity, e(t) is the error. In this paper the error rep
resents the difference between the expected temperature and the actual 
temperature. Kp is the proportional gain, Ki is the integral gain and Kd is 
the differential gain, which have a significant effect on the control 
quantity. In order words, the control effect of PID is largely dependent 

on the Kp, Ki and Kd. In Section 4, fuzzy control will be introduced to 
optimize Kp, Ki and Kd to achieve a better temperature control effect. In 
the temperature control, PI controller (i.e.,in Eq.(64) without Kd part) is 
used instead of PID controller because the differentiation element is too 
sensitive to the impact of current disturbances. 

As for the On/Off control of the fan, the fan will stop when the inlet 
cooling water temperature is below 331 K and operate at maximum 
power when the temperature is above 335 K, which is similar to the 
bang-bang control. 

Four cases for temperature control are presented in Fig. 13. In Case 1 
(CS1), the water pump is set to a constant water flow rate while fan 
operates according to the feedback of stack temperature with a PI 
controller. In Case 2 (CS2), the cooling water flow rate is manipulated in 
direct proportion to the operation current, which is equivalent to feed- 
forward control to achieve a faster response [19], while the fan is 
controlled by the PI controller. Case 2 is widely used in automobile 
cooling system [20]. In Case 3(CS3), the water pump is controlled by the 
PI controller while fan is operated by the On/Off controller. In Case 4 
(CS4), both the water pump and fan are controlled by the PI controller. 

Stack current step changes in range of 100 A-270 A are applied to the 
PEMFC system as the disturbance. For the convenience of comparison, 
the PID parameters of the water pump and fan are the same in each case, 
which are shown in Table 6. 

Fig. 14 demonstrates the stack temperature (Tst) profiles obtained for 
four temperature control strategies. By setting the flow rate of water 
pump to a constant value and adding the PI controller for the fan (CS1), 
higher deviations from the desired temperature are observed. Thus, 
setting the constant value for cooling water flow rate is not a good 
control strategy. In CS2, the cooling water flow rate is controlled by 
using the stack current as a reference input, which is a kind of feed- 
forward control to obtain the faster control response. As shown in 
Table 7, linear regression is used to determine the corresponding flow 
rate at different stack currents, and the relation between flow rate and 
current can be determined by the linear function (Eq.(65)). As shown in 
Fig. 15, the method can obtain satisfactory linear fitting effect with R- 
square of 0.9902. The fan is controlled by the PI controller to maintain 
the inlet temperature of the cooling water in CS2, but the control effect is 
not good enough for the deviations in temperature is high. 

Wcl = 0.0109I − 0.3887 (65) 

It can be found in Fig. 14 that CS3 and CS4 have similar control ef
fects that are better than CS1 and CS2. Fig. 16 is the enlarged view of 
Fig. 10 for detailed comparison between CS3 and CS4. CS4 has larger 
overshoot while CS3 has larger fluctuations, so it is hard to compare 
them through observing the figure. But when it comes to the comparison 
of IAE (in Eq. (63)) shown in Table 8, CS3 has a slightly smaller IAE of 
stack temperature than CS4. 

Fig. 17 demonstrates the inlet cooling water temperature (Tin) pro
files for four temperature control strategies. Although CS2 has the best 
control effect for the inlet cooling water temperature due to the feed- 
forward control, its control effect isn't good enough for the stack tem
perature. The values of Tin of CS3 fluctuates within ±2 K of 333 K due to 
the On/Off control of the fan while the values of Tin of CS4 can be finally 
adjusted to the desired temperature after a relative long time. Also, CS4 
has larger overshoot while Case3 has larger fluctuations in the control of 
Tin. However, CS3 has a much larger IAE of Tst than CS4, and the 
parasitic power of CS3 is 15.49% higher than that of CS4. Besides, 
frequent starting and stopping of fan in CS3 will significantly shorten its 
service life. Above all, it can be concluded that CS4 is the best temper
ature control strategy among the four. Therefore, the subsequent control 
researches will be carried out on the basis of CS4. 

4. Fuzzy-PID control 

Fuzzy control is a kind of intelligent control based on fuzzy set the
ory, fuzzy language, and fuzzy logic control. Traditional control theory 

Fig. 11. Fitting curve and experimental data.  

Fig. 12. Characteristic curve of the fan.  

Table 5 
Control strategies for cooling.  

Control strategy Pump Fan 

CS1 Constant at 4 kg/s PI 
CS2 Feed-forward PI 
CS3 PI On/Off 
CS4 PI PI  
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has strong and powerful control capabilities for clear systems, but for 
systems that are difficult to describe accurately, the control effect is not 
satisfactory. In such cases, fuzzy control can be introduced to solve these 
control problems. As a kind of non-linear intelligent control without 
requiring an accurate mathematical model, fuzzy control has better 
robustness and fault tolerance, which is particularly suitable for the case 
of PEMFC temperature control [42]. Thus, it is expected that combining 
fuzzy control with PID will achieve a better control effect. Based on the 
above consideration, fuzzy control is combined with CS4 to optimize the 
PID controller for controlling the flow rate of water pump to achieve a 

better control effect. 
Fig. 18 is the scheme of fuzzy controller. Firstly, the input is fuzzified, 

followed by fuzzy reasoning based on the database and rule base, and 
finally, the calculated control quantity is outputted through defuzzifi
cation [43]. 

Fig. 19 is the scheme of Fuzzy-PID controller. The fuzzy controller 
calculates ΔKp, ΔKi, ΔKd through the error and error derivative. Then, 
the ΔKp, ΔKi and ΔKd are used to update the value of Kp, Ki and Kd for 
PID. 

Kp(k + 1) = Kp0 + ΔKp (66)  

Ki(k + 1) = Ki0 + ΔKi (67)  

Kd(k + 1) = Kd0 + ΔKd (68)  

where k represents the sampling time. Besides, Kp0, Ki0 and Kd0 are from 
Table 6. 

Fig. 13. Schematic of temperature control strategy.  

Table 6 
PID control parameters.   

Kp Ki Kd 

Pump 30 0.2 0 
Fan 7.5 0.2 0  

Fig. 14. The stack temperature profile.  

Table 7 
The relation between current and flow rate in Case 2.  

Current (A) 100 140 160 170 180 240 260 270 

Flow rate (kg/s) 0.824 1.124 1.317 1.402 1.520 2.218 2.485 2.632  
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In this paper, the fuzzy field is divided into 7 fuzzy subsets {NB, NM, 
NS, ZO, PS, PM, PB}, which are respectively expressed as {negative 
large, negative middle, negative small, zero, positive small, positive 
middle, positive big}. The specific membership function curve is show in 
Fig. 20. The output value is determined by the fuzzy rules, which are in 
the form of if-then statements. According to the logic reasoning of AND- 
OR, surfaces formed by fuzzy rules are shown in Fig. 21. The fuzzy 
controller will calculate ΔKp, ΔKi, ΔKd through error and error deriva
tive based on the surfaces. Tables 9-11 demonstrates the fuzzy rules 
adopted in this paper. 

Fig. 22 demonstrates the stack temperature (Tst) profiles of CS4 
before and after optimization by the fuzzy controller. It can be found 
that under the large error in the initial stage, the control effect of Fuzzy- 
PID is significantly better than PID, and under the small error after 
reaching stable operation temperature, the control effect of both is 
similar, and the overshoot of Fuzzy-PID slightly smaller than PID. When 
it comes to the comparison of IAE shown in Table 12, the Fuzzy-PID 
controller has a smaller IAE of Tst and decrease 22.66% on the basis of 
PID, which proves that Fuzzy-PID control can better control the stack 
temperature. The introduction of fuzzy control has certain practical 
significance. 

Fig. 23 demonstrates the values of Kp, Ki and Kd during the control 
process of Fuzzy-PID. It can be found that the values of Kp, Ki and Kd will 
change with the time according to the fuzzy controller to obtain the 

better control effect, which is a kind of adaptive control. And it can be 
found that under the small error after reaching stable operation tem
perature, the value of Kp, Ki and Kd only have tiny changes, thus the 
improvement in stable operation stage is small. This is because the error 
and error rate of change are very small, resulting in the very small ΔKp, 
ΔKi and ΔKd outputted from Fuzzy-PID controller. However, the large 
error and error rate of change are large in the start stage will result in 
large ΔKp, ΔKi and ΔKd to improve the control effect significantly. 
General speaking, the Fuzzy-PID can achieve a sufficient control effect of 
Tst, but almost no effect on Tin. 

Finally, it may be interested to note that as indicated above Fuzzy- 
PID is established based on Kp, Ki and Kd. The rules of Fuzzy 
controller must change when it's applied to different control object for 
the control quantity is different, but the rules of Fuzzy-PID don't need to 
change a lot for the fuzzy rules of Kp, Ki and Kd are quite universal. Since 
PID itself can control the system to a stable state, Fuzzy-PID will have a 
wider applicability and better control than Fuzzy controller. 

5. RBF-PID control 

The temperature of inlet cooling water is also important for the 
thermal management subsystem. However, quite a few thermal 
management-related references did not considered temperature control 
of inlet cooling water [23,28,31]. The temperature difference between 
the inlet and outlet cooling water is recommended in the range of 5-10 K 
[44]. In this paper, the temperature of inlet cooling water Tin is 
controlled to 333 K to maintain the temperature difference of 10 K. 
However, Tin is mainly controlled by the radiator, which depends on the 
air-cooling method. Due to the fact that the surface heat transfer coef
ficient of forced air convection is much smaller than that of cooling 
water (see Table 4), the control effect of Tin isn't as good as Tst. Based on 
the discussion in Section 4, because Tin is always in the small error state, 
Fuzzy-PID can't achieve significant improvement in the control effect. 
With the rapid development of artificial intelligence, controllers 
combining artificial intelligence with traditional PID are increasingly 
being applied in nonlinear systems [45]. Hence, this section attempts to 

Fig. 15. Linear regression of the flow rate.  

Fig. 16. Enlarged view of Fig. 10.  

Table 8 
Comparison of these four control strategies.  

Case CS1 CS2 CS3 CS4 

IAE of Tst 1886 2292 344.7 347.7 
IAE of Tin 17,850 1490 2842 1769 
Parasitic power of 

fan 
2.017×

106J 
2.618×

106J 
2.975×

106J 
2.576×

106J  
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further improve the control effect of Tin by combining RBF neural 
network with PID. 

RBF neural network has the ability of approaching a nonlinear 
function arbitrarily, which can be used to identify online model with 
high accuracy. The structure of RBF neural network is shown in Fig. 24. 
In this paper, the input vector of RBF is defined as [u(k-1), y(k), y(k-1)] 
and the output is defined as ym(k), where u(k-1) represents the control 
quantity from the previous moment, y(k) represents the actual temper
ature at the current moment and ym(k) represents the identification 
temperature at the current moment. The activation function of the 
hidden layer is the Gaussian function: 

Rj(x) = exp

(

−

⃦
⃦x − cj

⃦
⃦2

2b2
j

)

(69)  

where cj is the center vector of node j of network, bj is the basis width 
parameters. The network output ym(k) can be calculated as: 

ym(k) =
∑m

j=1
wj(k − 1)Rj(x(k) ) (70)  

where wj(k − 1) is the weight from the hidden layer to the output layer. 
The performance index function of RBF is defined as: 

E(k) =
1
2
(y(k) − ym(k) )2 

In the backpropagation stage, RBF adjusts the weights between 
layers based on gradient descent method. The weights from the hidden 
layer to the output layer are adjusted first as: 

Fig. 17. The inlet cooling water temperature profiles.  

Fig. 18. The scheme of fuzzy controller.  

Fig. 19. The scheme of Fuzzy-PID controller.  

Fig. 20. Fuzzy membership function curve.  
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∂E(k)
∂wj(k − 1)

=
∂E(k)

∂ym(k)
∂ym(k)

∂wj(k − 1)
= δ(2)Rj(x(k) ) = − e(k)Rj(x(k) ) (71)  

Δwj(k) = − η ∂E(k)
∂wj(k − 1)

= ηe(k)Rj(x(k) ) (72)  

wj(k) = wj(k − 1) + Δwj(k) + α
(
wj(k − 1) − wj(k − 2)

)
(73)  

where α is the momentum gene to accelerate the convergence of neural 
network. Then, the parameters of the Gaussian basis function in the 
hidden layer are adjusted as:  

Δbj(k) = − η ∂E(k)
∂bj(k − 1)

= ηe(k)wj(k − 1)Ri(x(k) )
⃦
⃦x(k) − cj(k − 1)

⃦
⃦2

b3
j (k − 1)

(75)  

bj(k) = bj(k − 1) + Δbj(k) + α
(
bj(k − 1) − bj(k − 2)

)
(76)  

∂E(k)
∂cji(k − 1)

=
∂E(k)

∂Rj(x(k))
∂Rj(x(k))
∂cji(k − 1)

= − e(k)wj(k − 1)Rj(x(k))
x(k) − cj(k − 1)

b2
j (k − 1)

(77)  

Δcji(k) = − η ∂E(k)
∂cji(k − 1)

= ηe(k)wj(k − 1)Ri(x(k) )
x(k) − cji(k − 1)

b2
j (k − 1) (78)  

cji(k) = cji(k − 1) + Δcji(k) + α
(
cji(k − 1) − cji(k − 2)

)
(79) 

In this paper, the RBF-PID controller will adjust Kp, Ki and Kd based 
on RBF neural network identification. The performance index function 
of RBF-PID is defined as: 

Ec(k) =
1
2
ec(k)2

=
1
2
(r(k) − y(k) )2 (80)  

where r(k) is the given value, y(k) is the actual value and incremental 
PID is adopted in the RBF-PID controller as follows: 

Fig. 21. Surfaces of fuzzy rules.  

Table 9 
Fuzzy rules of ΔKp.  

ΔKp EC 

NB NM NS ZO PS PM PB 

E 

NB PB PB PM PM PS ZO ZO 
NM PB PB PM PS PS ZO NS 
NS PM PM PM PS ZO NS NS 
ZO PM PM PS ZO NS NM NM 
PS PS PS ZO NS NS NM NM 
PM PS PS NS NM NM NM NB 
PB ZO ZO NM NM NM NB NB  

Table 10 
Fuzzy rules of ΔKi.  

ΔKi EC 

NB NM NS ZO PS PM PB 

E 

NB NB NB NM NM NS ZO ZO 
NM NB NB NM NS NS ZO ZO 
NS NB NM NS NS ZO PS PS 
ZO NM NM NS ZO PS PM PM 
PS NM NS ZO PS PS PM PB 
PM ZO ZO PS PS PM PB PB 
PB ZO ZO PS PM PM PB PB  

Table 11 
Fuzzy rules of ΔKd.  

ΔKd EC 

NB NM NS ZO NB PM PB 

E 

NB PS NS NB NB NB NM PS 
NM PS NS NB NM NM NS ZO 
NS ZO NS NM NM NS NS ZO 
ZO ZO NS NS NS NS NS ZO 
PS ZO ZO ZO ZO ZO ZO ZO 
PM PB PS PS PS PS PS PB 
PB PB PM PM PM PS PS PB  

∂E(k)
∂bj(k − 1)

=
∂E(k)

∂Rj(x(k) )
∂Rj(x(k) )
∂bj(k − 1)

= − e(k)wj(k − 1)Rj(x(k) )
⃦
⃦x(k) − cj(k − 1)

⃦
⃦2

b3
j (k − 1)

(74)   
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To reduce Ec(k), gradient descent method is used to adjust the con
trol parameters: 

ΔKp(k) = − ηp
∂Ec(k)

∂Kp(k − 1)
= ηpec(k)

∂y(k)
∂u(k)

(ec(k) − ec(k − 1) ) (82)  

ΔKi(k) = − ηi
∂Ec(k)

∂Ki(k − 1)
= ηiec(k)

∂y(k)
∂u(k)

ec(k) (83)  

ΔKd(k) = − ηd
∂Ec(k)

∂Kd(k − 1)
= ηdec(k)

∂y(k)
∂u(k)

(ec(k) − 2ec(k − 1) + ec(k − 2) )

(84)  

where ηp, ηi and ηd are the learning rate. Besides, Kp(0), Ki(0) and Kd(0) 
are from Table 6 when k equals 0. 

Hence, the control parameters of RBF-PID can be adjusted as: 

Kp(k) = Kp(k − 1) + ΔKp(k) + αc
(
Kp(k − 1) − Kp(k − 2)

)
(85)  

Ki(k) = Ki(k − 1) + ΔKi(k) + αc(Ki(k − 1) − Ki(k − 2) ) (86)  

Kd(k) = Kd(k − 1) + ΔKd(k) + αc(Kd(k − 1) − Kd(k − 2) ) (87)  

where αc is momentum gene to accelerate the convergence. As can be 
seen from Eqs. (82)–(84), ∂y(k)

∂u(k) is needed to calculate the control pa

rameters. However, ∂y(k)
∂u(k) can't be directly obtained, and it can be 

approximated as follows: 

∂y(k)
∂u(k)

≈
∂ym(k)
∂u(k)

(88)  

where ym(k) is the output of RBF in Eq. (70) and ∂ym(k)
∂u(k) can be obtained 

from RBF neural network as: 

∂ym(k)
∂u(k)

=
∑m

j=1
wj(k − 1)

∂Rj(x(k))
∂u(k)

=
∑m

j=1
wj(k − 1)Rj(x(k))

cj(k − 1)− u(k)
b2

j (k − 1)
(89) 

Fig. 25 is the scheme of RBF-PID controller. The PID control pa
rameters will change according to the self-tuning algorithm on the basis 

of dym
du from the RBF neural network, as shown in Eqs. (85)–(87). Fig. 26 

demonstrates the values of Kp, Ki and Kd during the control process of 
RBF-PID. It can be found that the values of Kp, Ki and Kd will change with 
the time to obtain a better control effect, which is a kind of adaptive 
control. In addition to providing dym

du for PID self-tuning algorithm, RBF 
neural network can also identify the actual temperature of the inlet 
cooling water, as shown in Fig. 27. It can be found that the identification 
temperature and actual temperature are basically the same with the max 
relative error <1.5%, and the precise identification of RBF neural 
network will ensure the accuracy of dym

du according to Eq. (88). 
Fig. 28 demonstrates the temperature of inlet cooling water Tin 

profiles before and after optimization by the RBF neural network. It can 
be found that RBF-PID has significantly shorter adjustment time and 

Fig. 22. The stack temperature profile.  

Table 12 
Comparison of control effect.   

Fuzzy-PID PID Improvement 

IAE of Tst 268.9 347.7 22.66% 
IAE of Tin 1767 1769 0.11%  

Fig. 23. The values of Kp, Ki and Kd.  

u(k) = u(k − 1) + Kp(ec(k) − ec(k − 1) ) + Kiec(k) + Kd(ec(k) + ec(k − 2) − 2ec(k − 1) ) (81)   
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smaller overshoot than PID. When it comes to the comparison of IAE 
shown in Table 13, the RBF-PID controller has a smaller IAE of Tin and 
decrease 77.56% on the basis of PID. Above all, it can be concluded that 
RBF-PID has a better control effect for it can adjust Kp, Ki and Kd 
adaptively. From Fig. 22 and Fig. 27, it can be concluded that Fuzzy-PID 
is more applicable to large error stage and RBF-PID is more applicable to 
small error stage. 

The air flow rate during the whole control process is shown in 
Fig. 29. It can be found the fan can be adjusted to the stable state faster 
under RBF-PID. Interestingly, it's found in Table 14 that the total amount 
of air is slightly larger under RBF-PID while the control cost of RBF-PID 
is a little lower. As shown in Fig. 12, the efficiency of fan will change 
with the flow rate. Thus, it's supposed that the decrease in control cost is 
caused by the fan operates in the low efficiency zone for less time under 
RBF-PID. It should be noted that the parasitic power of fan in Table 14 is 
the integration of power over the period of control process, thus its unit 
is Joule. 

6. Conclusions 

In this paper a comprehensive PEMFC system control-oriented model 
with parameter identification is developed, which can be applied for 
both steady-state and transient operating conditions. The proposed 
PEMFC system contains air supply subsystem, hydrogen supply subsys
tem and thermal management subsystem, which can not only reflect the 

temperature changes during current disturbances, but also the pressure 
changes in anode and cathode channel. Besides, the water content λm 
will change with the operation condition according to the membrane 
hydration model. Four typical control strategies are implemented on the 
thermal management subsystem. In the end, the intelligent algorithm is 
introduced to improve the control effect further. The main conclusions 
are as follows:  

(1) Among different heuristic algorithms compared in the parameter 
identification of PEMFC, IABC achieves the best performance 
with the smallest MSE of 0.10112899 and the maximum relative 
error <0.8%.  

(2) Four typical temperature control strategies are compared in terms 
of IAE of Tst , IAE of Tin and parasitic power, CS4 gives the best 
performance. 

(3) The Fuzzy-PID and RBF-PID have the superior control perfor
mance with smaller overshoot and shorter adjustment time for 
Kp, Ki and Kd can be adjusted adaptively. Fuzzy-PID can reduce 
the IAE of Tst by 22.66%, and RBF-PID can reduce the IAE of Tin 
by 77.56%. In addition, using both Fuzzy-PID and RBF-PID 
simultaneously can reduce the parasitic power of fan by 1.13%. 
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