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Abstract Fuel cell system modeling and controller design are the core tech-
nologies for better understanding the fuel cell underlying phenomena

and safety operations. First, the chapter reviews the fuel cell lumped

parameter model, which can represent the mechanism inside of the

system. An engineering-oriented PEMFC system lumped parameter

model is developed as an example in this chapter. Additionally, an

application of Fluent/Simulink collaborative simulation is discussed.

A 3D stack model and dynamical models of auxiliary units such as

compressor, humidifier, etc.. The controller design of hydrogen purge,

heat management, and air supply system in the PEMFC system is
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described in details. Moreover, several main control methods such as

the conventional PI D control and model predictive control are

introduced. Finally, the technologies such as CVM and THDAmethods

for fuel cell fault diagnosis are introduced.
ABBREVIATIONS
3D
 three dimensional

AC
 alternating current

ADC
 analogue digital converter

CAN
 controller area network

CPU
 central processing unit

CVM
 cell voltage monitoring

DC
 direct current

DSP
 digital signal processor

FCU
 fuel cell control unit

FGR
 fast reference governor

GDL
 gas diffusion layer

LQR
 linear quadratic regulator

LUT
 lookup table

MPC
 model predictive control

ORR
 oxygen reaction reduction

PDEs
 partial differential equations

PEMFC
 proton exchange membrane fuel cell

PI
 proportion integration

PID
 proportion integration differentiation

PSO
 particle swarm optimization

RAM
 random access memory

RG
 reference governor

SCM
 single-chip microcontroller

SPI
 serial peripheral interface

SR
 stoichiometry ratio

THD
 total harmonic distortion

THDA
 total harmonic distortion analysis
1. INTRODUCTION

From the engineering viewpoint, modeling and control are critical for
PEMFC system integration and safe operation. As well known, the first-
principal model is widely used in chemical processes. However, it is
difficult to describe accurately an analytical input/output relationship
for a component (subsystem) integrated in a system. Alternatively, a
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lookup table or field can be used to set up a complex and nonlinear
mapping between the inputs and outputs of the component. Additionally,
the transfer function method is applied to model linear or linearized
dynamical processes. Such engineering-oriented modeling is sufficient
to capture the system dynamics but depends on intensive experimental
data. However, an extensive mathematical modeling of multiphysics
systems should be combined with advanced numerical techniques
could understand fundamentally the interacting electrochemical and
transport phenomena. The CFD (computational fluid dynamics) models
are commonly used to describe the internal phenomena and guide engi-
neers to optimize fuel cell systems.

The models mentioned above generally fall into two categories: the
lumped and distributed parameter models. The lumped parameter
models for PEMFC systems are developed based on the mentioned
engineering-oriented method. The distributed parameter models are
based on the physical conservation laws and coupled partial differential
equations (i.e., mass conservation equation, momentum conservation
equation, species conservation equation as well as proton/electron con-
servation). And coupled differential equations are also called CFD
model can be used to describe the distribution of important variables
such as volume flow rate, species concentration, pressure and tempera-
ture, etc. inside a fuel cell or a fuel cell stack. Two phase behaviors can be
investigated by the CFD model as well. The combined application of
both the lumped and distributed parameter models could be attractive
for engineers. Hence, a collaborative simulation method for a PEMFC
system is introduced in this chapter. In such simulation, a fuel cell stack
is represented by a two-phase CFD model, and auxiliary units such as
compressor, humidifier, etc. are modeled by lumped parameter models.
Such collaborative simulation can get insight into what may occur
within a fuel cell stack by changing the stack boundary conditions
resulted from the components models.

The other important aspect for PEMFC systems is to get higher system
efficiency or prolong the lifetime. A PEMFC system control is essential to
achieve these targets. Generally, the control includes hydrogen supply
and purge, air supply, thermal management, and water balance as well as
power electronics. Based on author’s previous works, hydrogen purge,
thermal management, and air supply are selected as control examples
in this chapter. In a practical application, the monitoring function is
commonly integrated into the control system. In order to avoid critical
operating states which can damage a fuel cell stack, the diagnosis is
required. Currently, the single-cell voltage or a pair of cells voltage is
measured for operating fault diagnosis by cell voltage monitoring (CVM).
A fuel cell stacks for automotive application often consists of hundreds
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of fuel cells, and the applied CVM is suffering from wiring issues, signal
disturbance, etc. Some potentially applicable diagnose techniques, for
example, the THDA technique proposed by AVL GmbH, can overcome
partily the CVM disadvantages. The THDA method only measures the
stack voltage instead of cell voltages.

In this chapter, Section 2 describes the PEMFC system modeling and
relative simulations. Section 3 is mainly dealt with the system control
and gives also a brief introduction of CVM and THDA methods. The
related conclusions are drawn in Section 4.
2. PEMFC SYSTEM MODELING

Computer-based modeling and simulation are essential steps for the
PEMFC design, performance evaluation, and optimization. Generally,
the published works in this field can be divided into two branches. The
first is based on lumped parameter model, (also called dynamical model).
Dynamical models are applied not only to fuel cell stack but also to
auxiliary units, such as the air compressor, humidifier, hydrogen supply,
and cooling system (Zhou, 2004; Zhou et al., 2011a). Using the lumped
parameter model, the fuel cell output performance, which is influenced
by external loads and auxiliary units, can be investigated. The second is
based on distributed parameter model developed from simulating a fuel
cell to a stack. Using the spatial distribution information of the flow rate,
species, temperature, and pressure in a fuel cell (stack), how the electro-
chemical reaction mechanism, flow field and control strategies, etc. influ-
ence the PEMFC system performance can be analyzed (Sun and Zhou,
2009, 2011; Sun et al., 2011; Zhou et al., 2011b; Zhai et al., 2010a,b). This
section introduces a lumped parameter model and a collaborative simu-
lation (Mingyan et al., 2011; Zhai et al., 2010c; Zou et al., 2009) for a typical
PEMFC system.
2.1 Development of the lumped parameter model

This section proposes a complete mathematical model of a high-pressure
PEMFC system which is based on the mechanism and experimental data.
The proposed model includes a stack module, an air supplying module, a
gas/gas humidifier module, a hydrogen supplying module, and a cooling
module, in which some of nonlinear relationships are expressed by
lookup tables. This detailed model is implemented into Matlab/Simulink
and validated through the experimental data with good agreement.
Subsequently, the simulation results based on the proposed model are
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presented and analyzed, for example, the profiles of air pressure, temper-
ature, humidity, oxygen stoichiometric ratio, and stack voltage.
2.1.1 The structure of a typical PEMFC system
The schematic diagram of the typical PEMFC system is shown in Figure 1.
The PEMFC system includes six main parts. It contains not only the fuel
cell stack (the core part of the system) but also the auxiliary units, such as
the load, hydrogen/air supply, and cooling/humidifier, which provide
the normal working conditions for the stack. The PEMFC system control-
ler starts up the auxiliary units after receiving the load demand. Accord-
ing to the demand, the matched reactant flow rate and pressure are fed by
the hydrogen and air supply units, and then the inlet reactant is humidi-
fied by the humidifier to balance the water in the stack. The heat manage-
ment unit adjusts the flow rate and temperature of the coolant to sustain
the stack temperature in a safe range.
2.1.2 The model of the PEMFC system
2.1.2.1 Fuel cell stack In order to develop a fuel cell stack model, the
following model simplification and assumption are listed:

(1) The distribution of cell voltage in the stack is uniform.
(2) The degree of the relative humidity inside the fuel cell meets the

working condition demand of the proton exchange membrane.
(3) The produced liquid water in the stack can be drained timely.
Pressured hydrogen tank

2. Pressure reducer

Load

+- Compressor

Inlet

Filter

Outlet

Pump

Cooler

Purging valve

Hydrogen supply Cooling

Stack

Humidifier Air supply

Recycle pump
1. Pressure reducer

Pressure valve

Figure 1 Schematic diagram of a PEMFC system (Zhou et al., 2011a)
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The stack model realizes the relation mapping as follows:

Ist
Pst

Tst

_nc;in;air

2
664

3
775!

Ust

_ncons;H2

_ncons;O2

_nprod;H2O

_Qst;prod

lst;O2

2
6666664

3
7777775

(1)

The relationship between Ust and Ist, which is one of the ways to show
the fuel cell performance, can be expressed by

Ust ¼ Ncell Ecell � �act � �conc � �ohmð Þ
Ecell ¼ Ecell;std þ RairTst ln PH2

PO2
1=2=PH2O

� �
=2F

�
�act ¼ x1 ln i=i0ð Þ
�conc ¼ x2 ln 1� i=i0ð Þ
�ohm ¼ iRohm

8>>>><
>>>>:

(2)

In Equation (2), there exists the nonlinear relationship betweenUst and
Ist, which requires a complex solving process. Hence, Equation (2) is
simplified and the following empirical formula is obtained:

Ust ¼ l1 þ l2 ln Pst;O2

� �þ l3Tst þ l4ð ÞIst=Acell (3)

where l1, l2, l3, and l4 are the parameters to be identified.
The consumed flow rates of hydrogen and oxygen can be computed by

Faraday’s law:
_ncons;H2

¼ NcellIst=2F
_ncons;O2

¼ NcellIst=4F

�
(4)

The oxygen stoichiometric ratio is defined as
lst;O2

¼ _nc;in;O2
= _ncons;O2

(5)

The generated rate of water and heat can be described by
_nprod;H2O

¼ _nprod;H2

_Qst;prod ¼ Ist Est;std �Ust

� �
�

(6)

where Est,std¼NcellEcell,std (according to lower theoretical potential).
2.1.2.2 Air supply The air supply unit involves air compressor, inter-
cooler, gas/gas humidifier, supply channel on the cathode side, back
pressure valve, air expander and the connecting pipes, and so on. When
the air goes through the above units, the properties of the air (i.e., pres-
sure, temperature, relative humidity, species, and flow rates) will be
changed (see Figure 2).

The change of pressure can be obtained by inverse calculatingmethod,
given by
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Figure 2 Schematic diagram of an air supply system (Zhou et al., 2011a).
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Pi;in ¼ Pi;out þ DPi

Pi;out ¼ Piþ 1;in

DPi ¼ li;DP 3600 _ni;out;air �Ti þ 273:15
� �

Rair=�Pi

� �
2

P6;out ¼ Pamp

8>><
>>:

(7)

where i represents the components that the air goes through (the order is
shown in Figure 2).

li,DP, which is related to the component structure and material prop-
erty, is the corresponding pressure drop factors. �Ti and �Pi are
the corresponding average temperature and pressure, defined as

�Ti ¼ Ti;in þ Ti;out

� �
=2

�Pi ¼ Pi;in þ Pi;out

� �
=2

�
(8)

2.1.2.2.1 Air compressor The air compressor model realizes the mapping
as follows:

rpmref

Pamp

Pcomp;out

Tamp

2
664

3
775!

ocomp

PWcomp

�comp

Tcomp;out

_ncomp;air

2
66664

3
77775 (9)

The pressure ratio of the compressor is calculated as

Kpr ¼
Pcomp;out

Pamp
(10)

The angular velocity of the compressor is given by



ocomp ¼
ðt
0

Tqexp þ Tqmot � Tqfr � Tqcomp

Jexp þ Jcomp þ Jmot

dt (11)

where
Tqmot ¼ Kp þ KI=S

� �
oref � ocomp

� �
Tqfr ¼ Kfrocomp

Tqcomp ¼ PWcomp;me=ocomp

8<
: (12)

PWcomp,me is the compressor shaft power, given by
PWcomp;me ¼ _mcomp;airRair Tcomp � Tamp

� �
k= 1� kð Þ (13)

Electric power consumed by the compressor can be given by
PWcomp;el ¼ LUT1 Tqmot;ocomp

� �
(14)

LUT1 is a lookup table, which is used for calculating the electric power
according to the mechanical power.

The compressor efficiency can be calculated by a two-dimensional
lookup table as follows:

�comp ¼ LUT2 rpmcomp;Kpr

� �
(15)

where rpmcomp ¼60ocomp/2p.
After being compressed by the compressor, the air temperature rise

without time lag is

Tcomp ¼ Tamp þ Kpr

� � k�1ð Þ=k � 1
h i

Tamp=�comp (16)

The corresponding outlet temperature of the air can be estimated by

Tcomp;out ¼ L�1
1

tcomp;tempsþ 1

� �
� b1Tcomp þ b2Tamp

� �
(17)

where L�1 ( ) is the inverse Laplace transformation, ∗ is the convolution
symbol. Note: the time lag of the temperature transducer and heat emis-
sion factor are considered in Equation (17).

The air-flow rate at compressor outlet is determined by a nonlinear
function with independent variables of compressor rotate speed and
pressure ratio. In order to develop an accurate compressor model, accord-
ing to the compressor performance map obtained by experiments, a
two-dimensional lookup table is constructed as follows:

_mcomp;air ¼ PstdTamb

Tstd þ 273:15ð ÞPamb
LUT3 rpmcomp;Kpr

� �
(18)

Based on the assumption that the air only consists of oxygen, nitrogen,
and water vapor, the air molar mass can be calculated approximately by

�Mair ffi wamp;H2O
MH2O þ 1� wamp;H2O

� �
0:21MO2

þ 0:79MN2
ð Þ (19)

where
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wamp;H2O
¼ Rair LUT4 Tamp

� �
= RH2OPamp

� �
(20)

Here, LUT4 is a lookup table for water saturation pressure calculation.
In addition, the molar flow rates of air, oxygen, nitrogen, and water vapor
at compressor outlet can be described as follows:

_ncomp;out;air ¼ _mcomp;air= �Mair

_ncomp;out;O2
¼ 0:21 _ncomp;out;air

_ncomp;out;N2
¼ 0:79 _ncomp;out;air

_ncomp;out;H2O ¼ wamp;H2O
_ncomp;out;air

8>><
>>:

(21)

2.1.2.2.2 Intercooler The air temperature in compressor outlet is high
(>100�C). Therefore, the intercooler has to cool down the outlet air via
the cyclic coolant. Assuming

_minc;out;air ¼ _mcomp;out;air and Tinc¼Tst,in,weg, the heat flow rate is calcu-
lated as follows:

_Qinc ¼ _minc;out;airCpair Tcomp;out � Tinc;out

� �
(22)

2.1.2.2.3 Gas/gas humidifier The gas/gas humidifier model realizes the
following mapping:

_nhum1;in;H2O

_nhum2;in;H2O

_nhum2;in;air

_nhum2;in;air

Phum1;out

Phum2;out

Thum1;in

Thum2;in

Tinc;out;weg

2
6666666666664

3
7777777777775

!

_nhum1;out;H2O

_nhum2;out;H2O

jhum2;hum1

Phum1;in

Phum2;in

Thum1;out

Thum2;out

_Qhum1
_Qhum2

2
6666666666664

3
7777777777775

(23)

Here, assuming Thum,out¼Thum2,out,weg, Thum2,out¼Thum2,out,weg, and the
flow rates of oxygen and nitrogen are constant:

_nhum;out;O2
¼ _ninc;out;O2

_nhum;out;N2
¼ _ninc;out;N2

_nhum2;out;O2
¼ _nc;out;O2

_nhum2;out;N2
¼ _nc;out;N2

8>><
>>:

(24)

The water molar flow rate in the membrane humidifier can be calcu-
lated by

jhum1;hum2 ¼
DwAmem

Lmem

_nhum2;in;H2O

Vhum2
� _nhum1;in;H2O

Vhum1

� �
(25)

where Dw is the membrane coefficient of diffusion, which is determined
by the following equations:
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Dw ¼ l6 exp l5 1=303� 1=Tinc;out;weg

� �� �

l6 ¼

0:1 l7 < 2

0:000001 1þ 2 l6 � 2ð Þð Þ 2 � l7 � 3

0:000001 3� 1:67 l7 � 3ð Þð Þ 3 < l7 < 4:5

0:00000125 l7 � 4:5

8>>><
>>>:

l7 ¼ 0:043þ 8:905l8 � 9:963l82 þ 4:5l83

l8 ¼
_nhum1;in;H2OPhum1;in

_nhum1;in;air LUT4 Thum1;in

� �þ _nhum2;in;H2OPhum2;in

_nhum2;in;air LUT4 Thum2;in

� �

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

(26)

The water vapor flow rate in the gas (both dry and wet air) outlet can
be calculated by

_nhum1;out;H2O;g ¼ _nhum1;in;H2O þ jhum1;hum2
_nhum2;out;H2O;g ¼ _nhum2;in;H2O � jhum1;hum2

�
(27)

The vaporization latent heat is considered in the modeling process.
The consumed heat flow rate of the humidifier can be given by

_Qhum1 ¼ rMH2O _nhum1;out;H2O;g � _ncomp;out;H2O

� �
(28)

It is supposed that there is no dissipate heat through radiation. The
heat change in the exhaust air includes two parts, thermal convection
with coolant and the phase change of water vapor, and the equations are
given by

_Qhum2 ¼ _Qhum2;conv þ _Qhum2;late

_Qhum2;conv ¼ _mhum2;out;aircpair Thum2;out � Tc;out

� �
_Qhum2;late ¼ _nhum2;out;H2O;g � _nc;out;H2O;g

� �
MH2Or

8><
>: (29)

2.1.2.2.4 Gas pipe The components of the air supply system must be
connected by certain pipes. For simplicity, it is assumed that the time
lag of the connecting pipes could be added and all of the pipes can be
considered as one, which is allocated between the gas inlet of the stack
and humidifier. In addition, we suppose the air-flow rate and tempera-
ture are constant. There exists a time delay when the air moves through
the pipe. This phenomenon can be modeled by

Pch;out tð Þ ¼ Phum1;out t� tch;pr
� �

(30)

It is assumed the gas temperature in the gas channel outlet of the stack
equals to the coolant temperature in the outlet, Tc,out¼Tst,out,weg. The flow
rate of nitrogen, oxygen, and water can be calculated by

_nc;out;N2
¼ _nhum1;out

_nc;out;O2
¼ _nhum;out;O2

� _ncons;O2

_nc;out;H2O ¼ _nhum;out;H2O;g þ _nprod;H2O

8<
: (31)
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2.1.2.2.5 Back pressure valve By adjusting the opening of the back pres-
sure valve, the back pressure can be regulated, and then the inlet pressure
of the stack is controlled correspondingly. The inlet pressure of the back
pressure valve can be calculated by Equation (7), which is influenced by
the air mass flow rate. Assuming the back pressure valve operates in its
linear range, the air-flow rate through the valve can be written as

_nbpv;air ¼ KbpvUbpv L
�1 1

tbpvsþ 1

� �
(32)

where Ubpv is the valve control signal.
2.1.2.2.6 Expander The pressure and the temperature of exhausted air at
the end of the air supply system are considerably high, which energy can
be used. The exhausted air drives the expander and the transfer parts of
the energy to the coaxial compressor. The torque delivered from expander
to compressor can be calculated by

Tqexp ¼ rpmexp LUT5 rpmexp

� �
L�1

1

texpsþ 1

� �
(33)

where rpmexp¼Krexprpmcomp, and LUT5 is a lookup table based on exper-
imental data about the speed and torque of the expander.

The outlet pressure of the expander equals to the ambient pressure,
and the inlet pressure of the expander can be described by

Pexp;in ¼ PampLUT6 _mexp;in;airPstdTexp= Pexp;inTstd

� �� �
(34)

where LUT6 is a lookup table of relationship between the flow rate and
pressure ratio obtained from experimental data.
2.1.2.3 Thermal management system Thermal management system reg-
ulates the stack working temperature to its setpoint, takes away the
electrochemical reaction heat generated through circulated cooling
water. Cooling system uses mixed liquor with 50% ethylene glycol and
50% water as the coolant. Its melting point is Tweg,melt and heat capacity
changes with temperature. It is assumed that (1) there is no loss of coolant
flow in the cooling loop; (2) considering the heat convection through the
stack surface; (3) neglecting the radiation heat loss of all units. To simplify
the calculation, the temperature of intercooler and gas/gas humidifier are
identical. The system diagram is shown in Figure 3.

The cooling model realizes the following mapping:



Tset
_Qinc
_Qhum1
_Qhum2
_Qprod

Tamp

2
6666664

3
7777775
!

_mrad;out;weg

Tinclout;weg

Tst;out;weg

_Qst;sur

2
664

3
775 (35)

The coolant flow rate at the intercooler outlet can be calculated by

_mrad;out;weg ¼ Kp Tset � Tst;out;weg

� � � L�1 1

tpumpsþ 1

� �
(36)

The coolant temperature in the outlet of the intercooler is given by

Tinc;out;weg ¼
Trad;out;weg � Tweg;melt

� �
LUT7 Trad;out;weg

� �
LUT7 Tinc;out;weg

� �
þ

_Qincl � _Qhum1 þ _Qhum2

_mrad;out;weg LUT7 Tinc;out;weg

� �þ Tweg;melt (37)

where LUT7 is a lookup table about coolant heat capacity.
Heat convection through the stack surface can be defined as

_Qst;sur ¼ Ast;surast;sur Tst;out;weg � Tamp

� �
(38)

The coolant temperature in the outlet of the stack can be calculated by

Tst;out;weg ¼
mstCpstT0 þ _Qst;prod � _Qst;sur þ _mrad;out;wegTinc;out;weg LUT7 Tst;out;weg

� �
mstCpst þ _mrad;out;weg LUT7 Tst;out;weg

� �
(39)
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2.1.2.4 Hydrogen supply
2.1.2.4.1 Hydrogen inlet pressure The hydrogen inlet pressure on the
anode side should maintain a certain pressure difference with the pres-
sure on the cathode side. It is defined as

Pa;in ¼ Pc;in þ DPc;a (40)

where DPc,a¼0.2�0.5bar is chosen empirically.
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Figure 3 The diagram of the cooling system (Zhou et al., 2011a).
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2.1.2.4.2 Hydrogen storage container model Generally, the pressure of
vehicle-use hydrogen source is above 350bar, which is far greater than
the pressure condition required by the ideal gas equation of state. Hence,
actual gas state equation is needed to describe the hydrogen status in the
storage container. In practice, the ideal gas equation is usually revised by
the pressure ratio factor in the approximate calculation.

Based on the pressure ratio factor, the pressure of the hydrogen stor-
age container can be defined as

Pve ¼ zmve;H2
RH2

Tve=Vve (41)

where z¼LUT8 (Tve, Pve) the pressure ration factor can be obtained by a
two-dimensional lookup table (see Figure 4). mve,H2

is the hydrogen mass
in the container, which can be calculated by

mve;H2
¼ m0 �

ðt
0

MH2
_ncons;H2

dt (42)
2.1.2.5 Parasitic power The PEMFC system consists of several units,
including one compressor, three cycle pumps, and multiple regulating
valves. The consumed power by the above units is called parasitic power,
which comes from the fuel cell. Due to the parasitic power, the available
output power is lower than the total power of fuel cell, that is to say,

PWst;gross ¼ PWst;net þ PWpara (43)

where PWpara is the parasitic power equal to the sum of the power
consumed by the auxiliary units, given by

PWpara ¼ PWpumpþ PWcomp þ PWval þ PWfcu (44)

where PWpump, PWcomp, PWval, and PWfcu are the power of cycle pump,
compressor, regulating valve, and controller, respectively.
2.1.3 Simulation and results
Based on the developedmodel above, an implement of a simulation for an
83-kW fuel cell stack in Matlab/Simulink is carried out as an example.
The reader can refer to Zhou et al. (2011a) for the parameters and calcula-
tion details. To simplify the task, we only show the main simulated results
in the following.

In order to validate the numerical model presented in the preceding
section, comparisons were made to the experimental data. Figure 5 com-
pares the computed polarization curve with the measured one. The
simulated curves show a good agreement with the experimental data.
Figure 6 shows the demanded current as well as the total current of the
stack according to a real load condition. The corresponding output volt-
age of the stack is shown in Figure 7. In addition, the pressure,
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temperature, and relative humidity in different position of the air supply
system are shown in Figures 8–10, respectively.
2.2 Fluent/Simulink collaborative simulations

The disadvantages of the two types of fuel cell models can be described as
follows: because of the external load changes, which usually take a long
time to complete the processes, the distributed parameter models are not
suitable for simulations of dynamic working conditions of the stack; the
lumped parameter model fails in providing adequate physical under-
standings for the phenomena occurring inside the fuel cell. The
corresponding results are not sufficient to be used for detailed analyses
of the fuel cell power systems.

In this section, a collaborative simulation platform for PEMFC systems
is presented, where the stack is simulated by a two-phase distributed
parameter model and the auxiliary units by lumped parameter models.
By exchanging the dynamic data between the external load/auxiliary units
and PEMFC stack, dynamic simulation of PEMFC stack has been carried
out during the load changes for various states associated with different
characteristic variables. The internal states of the stack can be observed
while the external load and/or auxiliary units output are changing.
Numerical experiments are provided for a special case withmultiple cycles
of load changes derived from an acceleration mode of a fuel cell vehicle.
The numerical results demonstrate that the ‘‘undershoot’’ of output voltage
is due to the response lag of the auxiliary units and liquid water accumula-
tion in the fuel cell stack.
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2.2.1 The establishment of collaborative simulation platform
A schematic diagram of a typical PEMFC system is shown in Figure 1.
Figure 11 illustrates the principle of data transmission in collaborative
simulation. Through the inlet boundaries of PEMFC stack, the output
signals of the auxiliary units simulated by the dynamic lumped parameter
models are passed to the stack and treated as the boundary conditions of
the three-dimensional, two-phase transient model of PEMFC stack. Such
output signals contain the states of reactant gas and coolant entering the
stacks (i.e., flow rate, temperature, pressure, etc.). Based on the boundary
conditions transferred from dynamic lumped parameter models, the
spatial distributions of physical variables (e.g., temperature, pressure,
velocity, species concentration, etc.) are computed by distributed param-
eter model of the stack, and the numerical results at outlet boundaries are
fed back to the corresponding auxiliary units as their input signals. In
such way, the collaborative simulation platform for PEMFC system is
initially established.

Based on the reasonable model simplifications and assumptions pre-
sented previously, we will describe each unit subsequently.

2.2.1.1 Model simplifications and assumptions The main objective is to
introduce the model of the stack (3D) and the subsystems and the process
of data transfer among them. Hence, the following assumptions were
used to develop the model:

(1) The lagging time of humidifier units to meet the requirements for gas
humidification is ignored.

(2) Heat transfer effect of the cooling unit is not considered.
PEMFC stack 3D model

Boundary conditions

Dynamic lumped models of
subsystems and controller

3D model’s outputs
and relative variables

Figure 11 Schematic data transmission of the collaborative simulation (Zhai et al.,

2010c).
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(3) Both the water vapor and liquid water exist in the stack.
(4) The deformation of fuel cell is not considered.
(5) The effect of the gravity force is not taken into account.
(6) Ideal gas law is employed for the gaseous species.
(7) The porous media including membrane, catalyst layers, and GDL are

considered to be isotropic.
(8) The auxiliary units precisely match the simulated PEMFC stack.
2.2.1.2 Hydrogen supply The hydrogen supply mainly consists of pres-
surized hydrogen tank, pressure reducing valves, hydrogen exhausting
valves, and pressure sensor. The hydrogen mass flow rate (kg/s), _min

H2
, is

based on the target current density, iref, and stoichiometry, za, defined as

_min
H2
¼ irefAmemMH2

za
2F

(45)

Besides, according to the cathode inlet pressure change, the operation
pressure at anode can be obtained by adjusting the pressure reducing
valves to maintain the pressure difference less than 0.2atm.
2.2.1.3 Air compressor The compressor model is separated into two
parts. The first part is a static compressor map which determines the
air-flow rate through the compressor. The second part represents the
compressor and motor inertia and defines the compressor speed. The
speed is consequently used in the compressor flow map to find the air
mass flow rate, hence, the compressed air mass flow rate _min

Air. Air is
determined through a compressor flow map which includes the pressure
ratio across the compressor and the speed of the compressor, defined as

_min
air ¼

PstdTamb

Tstd þ 273:15ð ÞPamb
LUT1ðrpmcomp;KprÞ (46)

where LUT1(rpmcomp,Kpr) is a lookup table and rpmcomp is the compres-
sor speed determined by the current demanded, given as

rpmcomp ¼ LUT2 Ið Þ (47)

and Kpr is the pressure ratio, defined as

Kpr ¼
Pcomp;out

Pamp
(48)

where Pcomp,out can be retrieved by the feedback value of stack, namely,
Pback and Pdrop, respectively. The relationship of them is

Pcomp;out ¼ Pback þ Pdrop (49)
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2.2.1.4 Humidifier Practically, there are many ways to humidify the reac-
tant gases at anode and cathode. However, the crucial factors, which finally
determine the humidification effect and the relative humidity, RH, are the
gas temperature and the partial pressure of water vapor, defined as

RH ¼ xH2OP

Psat Tð Þ (50)

where xH2O is the mole fraction of water vapor, Psat is the water vapor
saturation pressure, which is a function of temperature only, calculated by

log10Psat ¼ �2:1794þ 0:02953 T � 273:17ð Þ � 9:1837

	 10�5 T � 273:17ð Þ2 þ 1:4454 	 10�7 T � 273:17ð Þ3 (51)
2.2.1.5 Fuel cell stack Fuel cell stack is the core part of PEMFC system,
and the goal of the optimization control of all auxiliary units is to sustain
the optimal working conditions in order to improve the stack perfor-
mance and prolong its life. A three-dimensional, non-isothermal, two-
phase transient model is developed to describe the transient process of
stack. The model consists of a series of nonlinear coupling partial differ-
ential equations, representing the conservation of mass, momentum,
energy, and charge with electrochemical reaction. The conservation equa-
tions are written in the vector form as

@er=@tþr
 r u!� � ¼ Sm (52)
@er u!=@tþr
 r u! u!� �

=e2 ¼ r
 ��tð Þ � rpþ Sp (53)� �

@ erYið Þ=@tþr
 r u!Yi ¼ �r
 Ji

!þ Si (54)� �

@ erfEf þ 1� eð ÞrsEsð Þ=@tþr
 r u!E

� � ¼ r
 keffrT þ ST (55)
r
 smemrfmemð Þ þ Smem ¼ 0 (56)

r
 ssolrfsolð Þ þ Ssol ¼ 0 (57)
where u!, p, Y, T, and f denote the intrinsic fluid velocity vector, pressure,
mass fraction, and phase potential, respectively. The various source
terms, S, of the governing equations and the electrochemical and physical
properties are referred to Wang (2004) and Wang and Wang (2005).

Since PEMFC stack is operated under relatively low temperature
(<100�C), the water vapor may condense to liquid water, especially at
high current densities. To model the formation and transport of liquid
water, a saturation model is presented in the channel and defined as

@ erlsð Þ=@tþr
 rlul!rs
� � ¼ rw (58)

where s is the volume fraction of liquid water or the water saturation, the
subscript l stands for liquid water, and rw is the condensation rate. The
convective term is just applied inside the channel. Inside the highly
resistant porous zones, the use of the capillary diffusion term allows us
to replace the convective term in Equation (14):



@ erlsð Þ=@tþr
 rl
Ks3

ml

dpc
ds
rs

� �
¼ rw (59)

The readers can be properly referred to Zhou et al. (2011b) about the
definition and the relationship of the above parameters. In addition, �rw
is added to the water vapor equation, as well as the mass source because
the condensation is considered.

The above transport equations are then coupled with electrochemical
processes through source terms to describe reaction kinetics and electro-
osmotic drag in the polymer electrolyte. In addition, a complete form of
the electron transport equation shall include a transient term representing
the electrochemical double-layer discharging. However, as discussed in
Wang andWang (2005), the time constant of the double-layer discharging
ranges from micro- to milliseconds, sufficiently short in order to be safely
neglected by automotive fuel cells.

To solve the above system of PDEs, the boundary and initial condi-
tions are required and specified as follows:

Flow inlet boundaries
The velocity is determined by the auxiliary units, and the inletmass fraction

is determined by the inlet pressure and humidity and the relationship:
Yi ¼ xiMi=M (60)

where Mi is the molecular weight of ith species and M is the average
molecular weight. We assume specified value: s¼0, T¼353.15K, and spe-
cified flux: @fmem/@n¼0 and @fsol/@n¼0.

Outlet boundaries
Fully developed or no-flux conditions are applied:

@n ¼ 0=@n ¼ 0;@p=@n ¼ 0;@Y=@n ¼ 0;@T=@n ¼ 0;@fmem=@n
¼ 0;@fsol=@n ¼ 0;@s=@n ¼ 0 (61)

Walls
No-slip and impermeable velocity condition and no-flux condition are

applied:
u! ¼ 0;@p=@n ¼ 0;@Yi=@n ¼ 0;@fs=@n ¼ 0;@s=@n ¼ 0 (62)

In addition, the boundary conditions for the electronic phase potential,
fsol, at the wall terminal on the current collector can be expressed as8
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fsol ¼ 0; T ¼ T0 Anode terminal
@fsol=@n ¼ �I; T ¼ T0 Cathode terminal
@fsol=@n ¼ 0; @T=@n ¼ 0 Otherwise

<
: (63)

where I is the current density (A/m2).



218 Su Zhou and Fengxiang Chen
The initial conditions are given by the steady-state field from a previ-
ous operation point, except that the inlet boundary conditions are
updated by lumped parameter model at each time step. We implement
the lumped parameter model for the auxiliary units and the distributed
parameter model for the stack by Simulink and Fluent, respectively. The
implementation can be elaborated as follows: the real-time data of the
auxiliary units are transferred to S-function of the Simulink. Simulink
writes the data (i.e., inlet boundary conditions) into the journal file of
Fluent, by which the collaborative platform can call Fluent to simulate the
stack model. Every time step the data computed by Fluent are saved, and
the measurable physical variables at outlet boundaries, such as the back
pressure and pressure drop on the cathode, and the hydrogen flow on the
anode are fed back to the air compressor and hydrogen supply units,
respectively. According to the feedback value, the operating conditions of
the next time step (the inlet boundary conditions) are determined by the
auxiliary units and transferred to the S-function in order to call Fluent
cyclically. Thus, a feedback loop of the collaborative simulation platform
is constructed.

2.2.2 Numerical implementation and elucidation
The main objective of this section is to verify the feasibility and effective-
ness of the integrated model of PEMFC power systems. Based on the
collaborative simulation platform, in this section, we investigate the
dynamical response of the stack and auxiliary units to multiple cycles of
load change. The description of the stack and its geometric parameters are
referred to Zhai et al. (2010c).

The simulation takes about 150h onDell Inc. OptiPlex 760 (Pentium (R)
Dual-Core CPU E5200 @ 2.50GHz, RAM 3G). Model validation against
actual data is needed to verify the reliability of the integrated model of
PEMFCpower systems. Thus, the simulated results are comparedwith the
experimental data of different references. The reader can refer to Zhai et al.
(2010c) and Pengtao et al. (2008) for the validation in detail.

During the multiple cycles of load change as shown in Figure 12, the
dynamic responses of important characteristic variables in the stack,
including pressure drop and air-flow rate at cathode, species molar con-
centration in the catalyst layers, and the water saturation and so on, are
stated as follows.

Figure 13 illustrates the pressure drop and air-flow changes in the
cathode side with the multiple cycles of load change. We can see that both
of the two variables have the similar trend with the smaller current 10A
from t¼0s, 19s, 52s to 5s, 29s, 60s, respectively. However, there are big
different trend between them under larger current, 60A and 110A, from
t¼7s, 33s to 17s, 48s, respectively.
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According to the lumped parameter model of air compressor, the air-
flow rate is determined by the current and the pressure drop plus back
pressure as Pcomp,out. Thus, the load increase causes the pressure drop
increasing inside the stack, which leads to the air-flow rate increasing too.
However, because of the delay of the air compressor, there is no adequate
oxygen inside the cathode catalyst layer (see Figure 14). This is the major
reason accounting for the ‘‘undershoot’’ at t¼7.2 and 33.1s. In addition, it is
shown that the pressure drop always increases from t¼33 to t¼48s, but the
air-flow rate has little change. The reason is that themajor influence factor of
the air-flow rate is current under the large load. Furthermore, under the
large current, there is more water produced (seen in Figures 14 and 15),
which blocks the gas transferring and causes the pressure drop increasing.

Figure 14 displays the dynamic response of species molar concentra-
tion at cathode catalyst layers due to load change. It shows the reduction
of oxygen molar concentration, but water molar concentration increment
change with time. This can be explained in two aspects. First, the lagging
time of air compressor leads to the inadequacy of oxygen in the catalyst
layers. Second, the liquid water accumulates more and more after the step
jump rises in the current, which blocks the oxygen diffusion from the
channel to the GDL and catalyst layer, as shown in Figure 15.

Another attractive phenomenon shown in Figure 14 is the nonuniform
distribution of species in different parts of the stack. The major reason
related to the location and working condition is beyond this paper and
further research is needed.

Comparing to the single-phase model, the two-phase model is taken
into consideration for the water phase change and is able to capture the
phenomena that the pores in the porous medium are obstructed by the
liquid water, leading to the blocked reactant transport. Hence, the two-
phase model fits the reality better. Figure 15 presents the water saturation
profiles on the interface which locates between the cathode diffusion layer
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and GDL of cell 2 at various time points. It shows that the water saturation
turns out to be larger with time, which indicates that the liquid water
accumulation is more severe. This is the major reason why the output
voltage decreases from t¼33 to 48. The larger water saturation mainly
concentrates at the corners and the downstream regions that are close to
the outlet of gas channels, especially cathode gas channel. The reason is
that the reactant transport is blocked by the accumulating liquid water
due to the poor gas purge at the corners, causing more reaction occurs
intensively at the location then. The higher water saturation occurring in
the downstream is due to the liquid water accumulation from the
upstream transport and the stronger local generated water. However,
near the cathode outlet the water saturation becomes smaller due to the
lower anode RH, which causes more water back diffusion from the
cathode to the anode. In addition, due to the ORR (oxygen reaction
reduction) near the cathode outlet, the local current is smaller, causing
the less generated water.

Thus, the conclusion can be given as: the ‘‘undershoot’’ of the output
voltage is mainly caused by the auxiliary units’ response lag and the
liquid water accumulation inside the GDL and catalyst layer. This is a
more comprehensive explanation considering both the influences of the
auxiliary units and the internal space distribution change inside the stack.
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2.2.3 Conclusions
The collaborative simulation platform for automobile PEMFC systems is
introduced in this chapter, where the stack is simulated by a two-phase
distributed parameter model and the auxiliary units by lumped parame-
ter models. Based on the collaborative simulation platform, we can calcu-
late the distributed parameter model of the stack under realizable
boundary and initial conditions obtained from the lumped parameter
models of auxiliary units. In other words, the proposed collaborative
platform can overcome the drawbacks of both lumped parameter model
and distributed parameter model. We can utilize the collaborative simu-
lation platform for the following things:

(1) Matching estimate of the auxiliary units and stack.
(2) A useful diagnostic tool. For example, we can investigate the stack

based on the polarization curve, current interrupt, pressure drop,
and current density mapping (Frano, 2005), which can be all
obtained from the collaborative simulation platform.

(3) Investigating in the important characteristic variables (such as the
temperature, current, hydrogen, oxygen, and water); Observing the
space distribution dynamic response on the auxiliary units change.
The collaborative simulation platform could deepen the optimiza-
tion design of PEMFC power systems for the sake of improving its
operational performance from the possible loss due to the auxiliary
units change.
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Thus, we are able to establish a virtual lab which can provide certain
significant information for the optimization design of PEMFC power
system.
3. CONTROL OF THE PEMFC SYSTEM

Fuel cell power systems have several challenges in control engineering. In
the area of PEMFC system for mobile and stationary applications, control
plays a critical role in the system integration and safety operations. The
objective of a control system is essentially to modify the natural dynamic
response of the PEMFC system and maintain the set points in case of
uncertainties and disturbances. In addition, the PEMFC system is a typi-
cal nonlinear system and has a wide range of operating conditions which
could bring a new challenge for the control design.
3.1 Optimal control of the hydrogen purge

3.1.1 Literatures survey
Currently, in order to further enhance the efficiency of PEMFC system
and reduce the system complexity, the stack with a dead-ended anode has
been used commonly. Thus, an investigation of the hydrogen purge
phenomenon, which is in coexistence with the abovementioned model,
is clearly of great practical significance.

Himanen et al. (2007) reported that anode-side flooding can be
reduced at higher hydrogen overpressure due to the increased hydraulic
permeation of water through the membrane. Corresponding to hydrogen
pressure drops, Corbo et al. (2009) showed that a slight voltage recovery
due to purge intervention can be observed for those cells that are more
affected by the incoming water flooding. Bussayajarn et al. (2009) com-
pared the purge effects on different cathode designs (parallel slit, circular
open, and oblique slit). They found that the three cathodes’ designs are
less easy to distinguish as they all reach the same current density level;
this is because the cell performance is dominated by water accumulation
rather than oxygen transportation. Fabian et al. (2006) declared that purge
is required to remove the overproduced water, inert impurities presented
in the hydrogen, and the nitrogen diffused from the cathode to the anode.
The accumulated nitrogen decreases the partial pressure of hydrogen and
therefore reduces fuel cell current density. According to their experimen-
tal result, Muller et al. (2010) also showed that it is necessary to make the
purge schedules optimal and safe in order to lessen the water and nitro-
gen accumulation in the anode. Moreover, Mokmeli and Asghari (2010)
studied the effect of impurities in hydrogen on fuel cell voltage and
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indicated that if the supply hydrogen with not high purity, no matter
dead-end model or flow-through model, the impurities accumulated
effect cannot be ignored. Carlson et al. (2005) stated that when purge
fractions are lower than 0.6%, the increase of the nitrogen concentration
in the anode compartment results in a lower cell voltage and hence a
lower efficiency. Otherwise, a majority of the freshly fed hydrogen is
purged out of the system without being electrochemically utilized, and
hence the efficiency is decreased. Furthermore, they also pointed out that
a thinner membrane (<50mm) needs higher hydrogen purge rate in order
to avoid anode flooding. Xiao et al. (2009) studied two purge patterns, that
is, intermittent purge and annular purge, and concluded that the intermit-
tent purge greatly affects fuel cell performance and thus it is not suitable
for the in situ application; the annular purge process requires a higher
pressure drop, and the critical pressure drop is calculated from the annu-
lar purgemodel. The results showed that the annular purge is appropriate
for removing liquid water from the anode. Gou et al. (2006) also presented
a one-dimensional CFD model for PEMFC and found that a long purge
time is necessary to show the entire pressure drop curve, while only a part
of the curve can be attained if a short purge time is adopted, along with a
relatively uniform distribution of pressure swingwhich represents the top
value of pressure variation at certain point in the channel during the purge
process. McKay et al. (2005) described a simple two-phase flow dynamic
model where an anode purge submodel was included as well. This model
precisely captured the trend of the voltage recovery after an anode purge
event occurs. Based on their model presented in McKay et al. (2008),
McKay (2008), Siegel et al., (2008), and the tunable physical parameters
identified by experimental data, McKay et al. discussed in detail the
relationship between stack performance and anode purge.
3.1.2 Definition of the cost function and selection of the parameters
to be optimized

The final element of hydrogen purge control is an electrical valve which is
operated periodically. The purge cycle T and purge duration time DT can
be determined optimally (see Figure 16). As well known, the optimal
control typically needs a cost function. In this case, the definition of the
cost function should connect the hydrogen utilization ratio and the cell
voltage. Such cost function is defined as

f L ¼
1

1:25

1
T

Ð T
0 ustackdt

1þ 2F
Ð DT
0

_mH2 outdt= MH2
NcellIDTð Þ

(64)

where fL is the low heat efficiency, ustack is the output voltage, _mH2out
is the

mass flux of exhausted hydrogen, MH2
is the molar mass of hydrogen,
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Ncell is the cell numbers, I is the stack current, and F is the faraday
constant.

Before optimization, it is necessary to investigate the affects of the
purge cycle T and purge duration time DT to the cell or the stack perfor-
mance. In the following sections, the scope of the parameters to be opti-
mized (i.e., the purge cycle T and purge duration time DT) can be obtained
as the constraints during the optimization.

3.1.2.1 The scope of the parameters It is observed experimentally that
the stack voltage will drop gradually if the purge valve is closed due to
the accumulation of liquid water inside as well as other impurities (e.g.,
CO2, N2). According to this phenomenon, the maximum time of closing
the purge valve (i.e., the upper limit of parameter T) can be determined in
case of the allowed lowest stack voltage occurring. Hence, in this case, the
upper limit of parameter T is set as 40s depending on the observation and
analysis of the 1-kW stack experimental data. As for the upper limit of the
parameter DT, it can be chosen a value which is less than the upper limit
of the parameter T.

3.1.2.2 Analysis the impaction of parameters to be optimized For study-
ing the interior influence law due to the effect of DT on the stack voltage,
hydrogen utilization ratio, and stack efficiency, a simulation under 18A
has been carried out. In the simulating process, T¼20s, the value of DT is
operated from 0.1 to 0.4s with 0.02s as the step size. The relevant analysis
is given in the following.

First, we should consider the effect of DT on stack voltage. In Figure 17,
for particular purging cycle under particular current, when purging
duration time is too short, the stack voltage will keep dropping, so the
stack cannot work normally. As shown in Figure 18, it indicates that the
inherent reason of this phenomenon is that the mass of the liquid water in
anode channel keeps increasing and leads to flooding inside. In addition,
The purge valve
is opened

The purge valve
is closed

T

ΔT

Figure 16 Demonstration of the hydrogen purge.
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compare DT¼0.16s with DT¼0.40s in Figure 17, it is observed that there
are no significant differences on the stack voltage between the both cases.

Then, we analysis the effect of DT on hydrogen utilization ratio and
stack efficiency. From Figures 19 and 20, we know that for particular
purging cycle under specific current, hydrogen utilization ratio and
stack efficiency decreased with increasing purge duration time. But, the
experiments show that stack cannot keep steadyworkingwhenDT<0.16s,
and there is no meaning to study the hydrogen utilization ratio and stack
efficiency in such condition. Therefore, the results when DT<0.16s are
abandoned in Figures 19 and 20.
3.1.2.3 Engineering optimization method In this section, the enumeration
method is used to find the optimal value under different specific currents.
In order to obtain the corresponding stack efficiency, it is necessary
to simulate all discrete points in the scope of parameters and find the
maximum. The corresponding point is the optimal value of the parameters.
T and DT are discredited with the steps as 1 and 0.02s, respectively.

In the enumeration method, first, we can fix T2[0,a] and find the
maximum as DT2[d,b]. Thus, the optimization problem can be rewrit-
ten as

T�;DT�ð Þ ¼ arg max
T;DTð Þ2C

f T;DTð Þ (65)

where C¼A	B, with A¼[0, a], B¼[d, b].
Obviously, there are lots of searching methods to solve this problem.

For simplicity, here we adopt finite enumeration method, and main
conception is mapped out as following: First, the set C is discredited as

Cd ¼ ai

M
;
b� dð Þj
N

� �
; i ¼ 0; 1; . . . ;M; j ¼ 0; 1; . . .N

� 	
(66)

and thus the original problem can be approximately transformed as
T�;DT�ð Þ � arg max

T;DTð Þ2Cd

f T;DTð Þ (67)

Second, since Cd is a finite set, the new problem can be easily solved by
searching each element of Cd and finding out the maximum.
3.1.2.4 The selected results Based on the above optimal method and
some typical operate conditions, the simulation results are showed in
Figures 21–23. By means of analysis on the results, the optimal values of
the two parameters under given operating conditions can be found, and
finally, the optimizing of the purge control is achieved.

As shown in Figure 21, under lower current (5A) condition, stack
efficiency increases with the increasing cycle time of purge. Hence, in
such condition, the optimal purge cycle time can be set as 40s which is the
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upper limit value. Under the medium and high current (14A and 25A)
conditions, at first the stack efficiency increases with the increasing cycle
time of purge and then keeps unchanged when it reaches a certain level.
Therefore, if only the optimized target is considered, the optimum value
of purge cycle has a large range. As shown in Figure 22, the value of
undulate voltage due to the purge process increases with the increasing
cycle time of purge, and the large current boosts this trend.

Once the optimal target is satisfied, there exists the possibility that the
life of fuel cell could be taken into account. Under such case, the undulate
voltage influence would be ignored. It is obvious that the purge cycle
should be as long as possible. Therefore, the optimum parameters regard-
ing to each typical operating condition should be different. As shown in
Tables 1 and 2, based on the above analysis and Figure 23, two different
optimal results are presented.
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3.2 Heat management for the PEMFC system

3.2.1 Introduction and literature review
A PEMFC produces the similar amount of waste heat to its electric power
output; thus, its energy efficiency is about 50%. The thermal energy
generated from the PEMFC is mainly made up by electrochemical reac-
tion heat, electric power produced heat, andwater phase change heat. The
ways of PEMFC thermal transfer include heat conduction, flow heat
exchange, convective heat exchange, and radiation heat transfer. Due to
operating temperature limit (<100�C) of PEMFC, radiation heat transfer
can be ignored. Forced flow heat exchange and convective heat exchange
are the main PEMFC heat transfer methods. The PEMFC performance is
directly affected by the PEMFC temperature. A higher operating temper-
ature can result in the cell membrane dehydration and the internal
impedance increasing in the fuel cell. Meanwhile, a lower operating
temperature may lead to water condensation and flooding at electrodes
and, then by added resistance to reactant mass transport, causes a resul-
tant voltage loss. Therefore, in order to make sure the normal operation of
the PEMFC, it is necessary to build a heat and water management subsys-
tem to maintain the heat balance of the PEMFC engine system.

Currently, the available control strategies for temperature control are
proportion integration differentiation (PID) method, model predictive
control (MPC) method, fuzzy control method, etc. Based on the analysis
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of PEMFC thermal subsystem, Ouyang et al. (Ying and Minggao, 2007;
Zhang et al., 2004) established the thermal management system model.
Due to the big inertia and delay of the thermal system, they designed the
intelligent PID control strategy. Because the ordinary PID controller can-
not maintain the set point of stack temperature well, for instance, it can
hardly eliminate the effect which is generated by the disturbances. The
control strategy applied for the thermal system should predict the varia-
tion tendency of the PEMFC temperature and take steps to control in
advance. Kolodziej established a nonlinear controller to regulate the mass
flow of the coolant liquid (Kolodziej, 2007). Li avoided the complex
temperature model and adopted the T-S fuzzy model. Based on the T-S
fuzzy model, they built the nonlinear predictive controller for controlling
the temperature of PEMFC (Li et al., 2005). Peng (2010) established the
coolant loop model and developed a fuzzy-PID controller for the PEMFC
temperature, and the coolant loop model includes fuel cell stack thermal
model, radiator model, water tank model, pump model, bypass valve
model and so on. Yu (Ahn and Choe, 2008; Shan and Choe, 2005) indi-
cated that the temperature of the fuel cell would change with the load
current, the over high temperature of fuel cells will make damage to the
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Figure 22 Comparison of the undulate voltage value under different purge cycles.
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PEMFC, the coolant loop plays very important role in controlling the
temperature of the fuel cell. A PI controller for the coolant loop is
employed and had a good control result verified by the experiment
data. Cheddie and Munroe (2006) investigated the effect factors about
the temperature of the fuel cell. Through comparing several control stra-
tegies effects, he pointed that the currently control strategies are limited to
control the temperature of the fuel cell well.
3.2.2 Modeling and controller design
As mentioned above, typical PEMFC thermal management system could
include coolant tank, cooling pump, intercooler, radiator, radiator fans,
coolant pipelines, and so on (see Figure 24). Next there is an example to
show the controller design process.

In the PEMFC thermal management system, the main actuator for
cooling is the cooling pump. The manipulated variable is the coolant
flow _m

AfterPump
coolant . The temperature Tcoolant

AfterPump and the pressure pcoolant
AfterPump

behind the pump are the system internal states. Additionally, a flow
distributor distributes the coolant flows to the fuel cell as well as to the
intercooler in the following way:
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Table 1 The optimum values of purge control parameters under typical operating

conditions (consider the effect of undulate voltage)

Output current (A) 5 10 14 18 22 25

Stack efficiency (%) 54.7 50.1 47.3 45.0 42.9 37.8

T (s) 40 24 16 14 12 8

DT (s) 0.1 0.1 0.1 0.12 0.12 0.1

Table 2 The optimum values of purge control parameters under typical operating

conditions (consider the effect of the life of proton exchange membrane)

Output current (A) 5 10 14 18 22 25

Stack efficiency (%) 54.7 50.1 47.3 45.0 42.9 37.8

T (s) 40 40 40 40 40 40

DT (s) 0.1 0.1 0.26 0.32 0.4 0.6
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_mToFC
coolant ¼ lcoolant _m

AfterPump
coolant (68)

_mToInc
coolant ¼ 1� lcoolantð Þ _mAfterPump

coolant (69)
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where lcoolant is the flow distributor ratio, _mToFC
coolant is the coolant flow to the

fuel cell, and _mToInc
coolant is the coolant flow to the intercooler.

In this cooling process, it can be supposed that the coolant temperature
at the stack inlet is equal to the temperature after the pump, and the
coolant pressure at the stack inlet is equal to the pressure after the pump,
that is, Tcoolant

ToFC ¼Tcoolant
AfterPump and pcoolant

ToFC ¼pcoolantAfterPump. The coolant flow rate
remains unchanged when the coolant enters/exists the stack, that is,

_mOutFC
coolant ¼ _mToFC

coolant. The coolant pressure experiences a pressure drop in

the stack dpStack
coolant ¼ bStackdpWEG _mToFC

coolant

� �2
, and the outlet coolant pressure can

be calculated as pcoolant
OutFC¼pcoolantToFC �dpcoolant

Stack .
The heat balance for the stack can be given as follows:

mStackc
Stack
p

dT

dt
¼ _mToFC

coolant

ðTOutPump

coolant

T

cp Gð ÞdGþ D _qStack

þ Tamb � Tð ÞAStackh (70)

where D _qStack is the heat produced in the stack. mStack is the quality of the
stack, cp

Stack is the specific heat capacity of the stack. The solution of above
equation is the outlet temperature T(t)¼Tcoolant

OutFC (t). h is the heat convective
coefficient.
mcoolant +
ToFC mcoolant

Tolnc

mcoolant
OutInc

Tcoolant
OutInc

mcoolant
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Figure 24 The cooling network diagram for the heat management in a PEMFC system.
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The temperature and pressure drop of the coolant in the intercooler

are supposed as Tcoolant
ToInc ¼Tcoolant

AfterPump, dpInc
coolant ¼ bIncdpWEG _mToFC

coolant

� �2
. The

coolant flow rate remain unchanged during the cooling process, that is,

_mOutInc
coolant ¼ _mToInc

coolant. The heat balance for intercooler can be given as follows:

mIncc
Inc
p

dT

dt
¼ _mToInc

E

ðTToInc
coolant

T

cp Gð ÞdGþ D _qInc þ Tamb � Tð ÞAInch
Inc (71)

where D _qInc is the heat produced in the intercooler, mInc is the quality of
the intercooler, and cp

Inc is the specific heat capacity of the intercooler. The
solution of above equation is the outlet temperature T(t)¼Tcoolant

OutInc (t). hInc is
the heat convective coefficient.

The coolant flows back to the pump with the mass flow rate
_mSUM
coolant ¼ _mOutInc

coolant þ _mOutFC
coolant, and the temperature of the combined coolant

can be calculated as

TSUM
coolant ¼

TOutInc
coolant _m

OutInc
coolant þ TOutFC

coolant _m
OutFC
coolant

_mOutInc
coolant þ _mOutFC

coolant

(72)

Suppose the coolant pressure pcoolant
AfterPump after the pump is set as con-

stant. The consumed electric power for the pump can be estimated as

PPUMP
WEG;el ¼ 105 p

AfterPump
coolant � pOutFC

coolant

� � _mSUM
coolant

sWEG

1

�PUMP
WEG

(73)

The maximal heat gradient D _Q
Max

coolant=DT is depending on the vehicle

speed vveh and the coolant mass flow rate _mSUM
coolant. The relation under

standard condition (Tstd,pstd) can be mapped into a lookup table

D _Q
Max

coolant=DT ¼ LUT _Qmax
vveh; _m

SUM
coolant

� �
. Hence, in the ambient (Tamb,

pamb), the maximal heat taken away can be defined as

D _Qmax ¼ TSUM
coolant � Tamb

� � pambTstd

pstdTamb
D _Q

Max

coolant=DT
� �

(74)

Therefore, if the heat required to be removed from the cooling control
block is denoted as D _qreq, the corresponding limiting must be carried out
D _qreq ¼ min D _qreq;D

_Qmax

� �
: Considering the cooler dynamics, a first-

order inertia transfer function is applied as D _qIs ¼ Gcooler sð ÞD _qreq and
_m
AfterPump
coolant ¼ Gpump sð Þ _mreq

coolant. As described above, the coolant flow
removes the heat produced in fuel cell stack and intercooler.

_mSUM
coolant

ðTAfterPump

coolant

TSUM
coolant

cp Tð ÞdT ¼ �D _qIs (75)

which determines the temperature Tcoolant
AfterPump after the pump. The heat

D _qreq required to be removed is calculated in the cooling control block as
follows:



D _qreq ¼ _mSUM
coolant

ðTSUM
coolant

TFC;dem
coolant

cp Tð ÞdT (76)

where the demanded fuel cell inlet temperature Tcoolant
FC,dem is the desired

stack operation temperature. Another variable calculated here is the
required coolant mass flow rate _m

req
coolant. The heat produced in the stack

reaction is the main contribution to the heat to be removed in the whole
system; hence, a rough estimation for the required coolant mass flow rate
can be carried out as follows:

_�m
req
coolantDTreqcp TOutFC

coolant

� � ¼ D _qstackreaction ¼ _nH2Dhr � ustackistack (77)

where _nH2
is the H2 mole flow rate consumed, Dhr the reaction heat of H2

combustion, and DTreq the maximal allowed temperature change (max
{Tcoolant

OutFC�Tcoolant
ToFC }).

The stack temperature controller is designed based on the traditional
PID and MPC algorithms. The key parameters for the MPC are given in
the following: the system sampling time is 0.1s; the prediction and control
horizons are taken as 10 and 2, respectively.
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3.2.3 Simulation and results
Based on the above analysis, a PEMFC thermal management system
model is established in the Matlab/Simulink. The PID and MPC control
strategies are applied for the controller design. The identical load cycle in
Figure 25 is applied during the simulations.

From Figure 26, the compared results between the feedforwardþMPC
control and the feedforwardþPID show that the MPC controller has less
response time than PID. When load current changes greatly, the MPC
controller gives better performance than the PID (see Figure 27). The MPC
strategy can stabilize the temperature to the set point. Due to the nonline-
arity and the whole system applies the same PID control parameters, the
temperature inevitable deviates the required point under some current
condition. So the temperature under PID control will become instability.
Moreover, the overshoot of MPC control is smaller than PID.
3.3 Controller design for Air supply system

The PEMFC system can work by continuously feeding the reacting gases
(e.g., air). In cathode side of the fuel cell, insufficient oxygen supply can
damage the fuel cell stack (Yang et al., 1998), and too much oxygen supply
needs more energy to drive the compressor or blower, resulting in lower
system efficiency. Hence, it needs a proper control strategy to balance
these two conflicting aspects.
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3.3.1 Literature surveys
Many contributions regarding air management are collected in this chap-
ter. The current is critical in the air management and commonly treated as
a measurable disturbance. However, in some collected contributions, the
current is regulated, resulting in another control strategy. Figure 28 shows
the aspects of classification, control objectives, control structure as well as
controller types in the collected literatures. Based on these aspects, the air
management can be divided into two groups: without current regulation
and with current regulation.

In the control objective, the air flow rate control is most of interest.
There is a variable, namely oxygen stoichiometry ratio (O2 SR in short),
widely used in the air management. It is defined as

lO2
¼ _mO2;feed

_mO2;reacted
(78)

_mO2;feed (kg/s) represents the oxygen mass flow rate at the stack inlet,
and _mO2;reacted (kg/s) represents the oxygen consumption rate by the
electrochemical reaction.

Actually, the studies of air supply subsystem control are almost around
the control of O2 SR because it is found experimentally that O2 SR severely
affects the fuel cell system performance. Hence, one of the control objec-
tives can be said tomaintain the O2 SR in an optimal state. Another control
objective in air supply subsystem is to maintain a proper pressure in the
stack. Indeed, the pressure regulation is coupled with the air-flow rate
control. To achieve these objectives, master–slave, feedbackþfeedforward
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structure, etc. are widely applied. The controllers in the collected litera-
tures have many types: PID, MPC, fuzzy controller, etc.
3.3.1.1 Air management without current regulation In around 80% col-
lected literatures, the air management without current regulation is dis-
cussed. Arce et al. (2007) considered three different control strategies:
(1) O2 starvation prevention, (2) maximum system efficiency, and (3) stack
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voltage tracking control. A constrained MPC is applied to achieve two
important objects (Arce et al., 2010):

Object #1. The oxygen starvation should be avoided. This can be ful-
filled by controlling the O2 SR bigger than 1.0. During the
abrupt load changes, the air flow equipment requires some
time to provide the new amount of air to maintain the O2 SR
in safely levels because the electrochemical reaction dynam-
ics are several orders of magnitude higher than gas fluid-
dynamics process.

Object #2. High system efficiency or large net power output should be
fulfilled by means of an optimal O2 SR. Based on the relation-
ship between O2 SR and net power of a PEM fuel cell system
under varied current conditions (see Figure 29), an optimal
O2 SR can be obtained.

In the following literatures, various controllers are designed to fulfill
the abovementioned two control objectives simultaneously. Gruber et al.
(2008) proposed a hierarchical control structure in order to regulate the O2

SR. The master controller calculates the desired air flow for the slave
controller in order to stabilize the O2 SR at a fixed set point. In master
controller, NMPC (nonlinear model-based predictive controller) is used.
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In the salve controller, a nonlinear PI algorithm is used. Wendeker et al.,
2007) tried to find and hold the maximum value of net power produced
by the fuel cell stack through air flow control. In this chapter, an adaptive
extreme control with biparameter identification was applied. Danzer et al.
(2008) addressed O2 starvation as well. A lumped air supply model was
proposed to capture the cathode pressure and O2 SR dynamically, which
was achieved by developing an equivalent circuit diagram for pneumatic
system using analogies to electrical system. As the system is nonlinear,
flatness-based control techniques are applied.

Al-Durra et al. (2007, 2010) focused on the air/fuel supply system in
tracking both optimum pressure and air flow, in order to achieve maxi-
mum system efficiency during load transients. In this literature, several
multivariable control methods were compared: (1) linear control
(observer-based, LQR, feedforward), (2) gain-scheduled control, and (3)
rule-based control. Rgab et al. (2010) proposed three different feedforward
methods: (1) lookup table based, (2) fuzzy logic, (3) neural network; the
PID controller acted as feedback controller. It is concluded that the neural
network feedforward plus PID feedback structure is better than the other
two. Tekin et al. (2005) also applied PID control for the air supply. In order
to reduce the parasitic power consumption by compressor motor, optimi-
zation of the several parameters was carried out with particle swarm
optimization (PSO) algorithm. The main objective of Talj et al. (2009,
2010) is to propose a methodology to tune the air supply controller with
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guaranteed stability properties. Some passivity and finite L2-gain proper-
ties were used to find a space for tuning controller parameters and to
prove the stability of the interconnected controlled system.

3.3.1.2 Air management with current regulations The following litera-
tures are concerned about the current regulation in the air management.
The current load is regulated through a DC/DC converter, in order to
avoid oxygen starvation. In the literature (Sun and Kolmanovsky, 2005),
by regulating the current, the pointwise-in-time constraints on the O2 SR
and mass were strictly enforced to protect the fuel cell from O2 starvation.
The load governor was designed using a nonlinear reference governor
(RG) approach. Taking both power following and oxygen starvation into
consideration, the control of the current is aimed to do the following: (1)
the applied load current tracks the demanded load current as close as
possible; (2) the main constraints are satisfied for all the time. Thus, the
demanded current can not be directly used as the reference input,
but should be modified properly, and the corresponding strategy will
be detailed sequentially Danzer et al. (2009) also used the MPC in their
study to prevent O2 starvation. This study presented a decoupled
approach, where the effective fuel cell current was chosen as a controlla-
ble variable. In order to make the current drawn from the DC/DC con-
verter achieve the desired current in a smooth manner, an exponential
reference trajectory was applied as

Iref ¼ Idesired � Idesired � Idrawnð Þ exp � t

tref

� �
(79)

In the literature (Vahidi et al., 2007), the goal of this study was to
develop a computationally efficient load governor which prevents the
compressor surge/choke, as well as O2 starvation. In principle, two dif-
ferent strategies have been used for design of RG: (1) based on the MPC
and the problem as an optimization issue, that is, the difference between
the reference command and actual value is minimized over a future
horizon and subject to pointwise-in-time constraints (Bemporad, 1998),
(2) based on characterizing a set of initial conditions and references that
would satisfy the constraints. Because of the reduced online computation,
the governor is called a fast reference governor (FGR; Gilbert and
Kolmanovsky (1999)). In this study, the FGR was applied. The design
method was using a discrete-time linear model, and the reference modifi-
cation can be accomplished via a first-order linear filter with a scalar
adjustable bandwidth parameter b:

Ifc kþ 1ð Þ ¼ Ifc kð Þ þ b kð Þ Id kð Þ � Ifc kð Þð Þ (80)

where b(k) belongs to [0,1]. To get so-called optimal b(k) at each sampling
time subject to the constraints, there are different ways. It can be arranged
as an LP (linear program) problem with single variable b(k) and
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constraints for a certain horizon. Bisectional search for maximum is
another way. Such online method is not suitable for real-time control. In
the literature (Vahidi et al., 2006), the objective of this control approach
was to prevent O2 starvation, air compressor surge/choke, and match an
arbitrary level of current demand. The demanded current is managed
between the fuel cell stack and energy buffer (ultra capacitor).

3.3.2 Case studies of air management
In the control of air supply in PEMFC system, also called air management,
O2 SR is commonly used as the controlled variable because it can affect
the system efficiency or net output power (see Figure 29). For a specific
PEMFC system, there exists a static relationship which describes how the
O2 SR influences the system efficiency or net power under a given
required current condition. Such relationship obtained experimentally
or by the model-based technique can be used to determine the optimal
O2 SR (set point) for the corresponding controller. According to the
survey of air management, there are two strategies: without current
regulation and with current regulation. In the following, two cases are
studied addressing both strategies.
3.3.2.1 Case 1: Control of O2 SR Typically, the current is treated as a
measureable disturbance in the O2 SR control strategy. Figure 30 is the
control block diagram for O2 SR. In this figure, the reference O2 SR is
obtained by the set point generator which contains the prementioned
static relationship. The O2 SR is selected as the controlled variable, and
the air mass flow rate at the stack inlet is treated as the manipulated
variable which is influenced by the control voltage of compressor motor.
The control objective is to maintain the O2 SR at the optimal value and
reject the impacts from the external disturbance. To achieve such objec-
tive, the feedbackþfeedforward controller is used in this case. The feed-
forward controller speeds up the response of the system and the feedback
controller try to reduce the difference between the controlled variable and
set point, as well as to stabilize the system. For the sake of simplicity, the
PI controller is applied as the feedback controller. The parameters of the
PI controller are determined heuristically. The model of the PEMFC
system has been already described in the previous chapter and will not
be discussed here.

Figure 31 shows the driving cycle of the required current. Depending
on the static relationship, the optimal O2 SR in this case is selected as 5.0
when the required current is smaller than 100A, and 2.0 when the current
is larger than 100A. Consequently, a step change of reference O2 SR is
obtained through the set point generator in the simulations. Figure 32
shows the set point change and the controlled O2 SR. It can be found that
the O2 SR can be controlled well. The fluctuations of O2 SR are caused by
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the required current changes. This is because the rate of electrochemical
reaction is quite fast and the flow rate of air feeding into the stack is
considerable slow. Two PI controllers are compared in Figure 32. It is
found that larger proportional coefficient in PI controller can speed up the
system response but can cause more oscillations.

Figures 33–35 show the selected variables regarding the voltage of
compressor motor, air-flow rate at the stack inlet as well as compressor
speed. In Figure 33, the PI controller with large proportional coefficient
generates higher peak values in the control signal of compressor motor.
Figures 34 and 35 do not show the obvious differences between the two PI
controllers.
3.3.2.2 Case 2: Control of the O2 SR fluctuations with current
regulation In Case 1, a deep decrease or increase in the O2 SR

occurs when the current is changed instantaneously into a higher or a
lower value. Such fluctuation can bring negative influences on the lifetime
of the PEM fuel cell stack (Mitsuda and Murahashi, 1991). Hence, in case
of the instantaneous change of current, the current regulation concept
could be employed to reduce the fluctuations on the O2 SR. In this case,
the current is controlled by using an open-loop structure which means
there is no current feedback loop because the current can be regulated by
a DC/DC converter in a considerable fast way. Figure 36 shows the O2 SR
fluctuations’ control by means of manipulating current. A current regula-
tion block is added based on Figure 30.

In this case, the current is not changed instantaneously into the
required current, but with a transient profile of first-order process. The
shape of such profile is influenced by the selected time constant. In order
Set-point generator PID feedback Compressor

model
Stack model

Look up table

feedforward

Controller

FCS model

mair,in+ +
+

−

Ireq lO2
Vcm

ref lO2

Figure 30 Control block diagram for O2 SR.
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to describe the O2 SR fluctuations quantitatively, an index function J is
introduced:

J ¼
Ð Ts

0 lO2
� l�O2



 

2dt
Ts

(81)

where lO2
is the real O2 SR, lO2

* is the optimal O2 SR, and Ts is the
simulation time. In Figure 37, it is observed that there is an optimal time
constant (about 0.07s) with respect to the minimum J.

In order to test this case, the corresponding simulations are carried
out. For comparison to Case 1, the identical load cycle in Figure 31 is
applied during the simulations. Figure 38 shows two scenarios of the load
current. In the zoomed region, the regulated current varied slightly
slower than the unregulated one. Figure 39 shows the O2 SR with current
regulation. For comparison, the O2 SR in Case 1 is combined into Figure 39
as well. It is observed that the fluctuations on O2 SR are sufficiently
reduced.

Summarizing, for the air management in the PEM fuel cell system,
there exist two strategies: without current regulation and with current
regulation. In the first strategy, the current is treated as a measurable
disturbance, and usually, a feedforwardþfeedback control structure is
applied (see Figure 30). In the second strategy, the current is controlled
by means of a first-order open-loop controller (see Figure 36). The



0 20 40 60 80 100 120 140
0

1

2

3

4

5

6

7

Time (s)

O
2 

S
R

, 
l O

2

 

 

λO2
set point

P=200, I =10
P=100, I =10

20 20.2 20.4 20.6

1.6

1.8

2

 
40 40.2 40.4 40.6 40.8 41 41.2

2

3

4

5

6

 

 

59.5 60 60.5 61 61.5 62 62.5

3.5

4

4.5

5

 
80 80.1 80.2 80.3

1.8

2

2.2

2.4

2.6

2.8  

C

DB

A 

B A

C D 

Figure 32 O2 SR and its set point.

244 Su Zhou and Fengxiang Chen
fluctuations on O2 SR are reduced by choosing an optimal time constant in
the current controller.
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3.4 Introduction of PEMFC fault diagnosis technology

3.4.1 General introduction
In order to ensure the quality, performance, and safety of PEMFC system,
fuel cell diagnosis has become an essential detecting technique and devel-
oped rapidly in recent years (Wang et al., 2007). Currently, in fuel cell
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diagnosis field, CVM technology is the most widely applied. The princi-
ple of CVM is to detect the faults of the fuel cell via measuring each single
(or a pair)-cell voltage. As shown in Figure 40, it is a typical arrangement
of CVM hardware relative to the fuel cell stack. The influences of temper-
ature, humidity, and air mass flow, etc. could be analyzed by CVM
method. However, where up to several hundreds of voltage channels
have to be measured; CVMmethod greatly increases the wire connection,
operational complexity, and instability (Brunner et al., 2010; Webb and
Moller-Holst, 2001).

For the drawbacks of CVM technique, AVL List GmbH has developed
an innovative solution, which is named total harmonic distortion analysis
(THDA). The principle of THDA is, according to the analysis of total
output voltage in real time, diagnosing the operational status, safety,
and reliability of fuel cell system. In practice, by adding a small amplitude
signal with specific frequency pattern to the fuel cell system, if for some
critical operations causing the voltage changing in one single cell or cells,
the response will be distorted in the frequency domain. Then, through a
series of output curve analysis, such as wavelet analysis, the fault types
can be identified and reasonable measures will be adopted. For instance,
when a critical cell operation occurs, if, for example, low air stoichiometry
causes a sharp drop of cell voltage at a certain current, as the current is
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Figure 37 The relation between the cost function and time constant under a given load
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superimposed by a small amplitude signal with specific frequency pat-
tern, then it will cause distorted frequency fractions extractable from the
entire stack voltage (Ramschak et al., 2006).
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3.4.2 CVM
3.4.2.1 Hardware structure As well known, every single fuel cell will
directly affect the operation state of entire fuel cell stack. Therefore, real-
time monitoring for single-cell voltage is needed. This section reviews the
CVM technique by introducing mainly a specific CVM system in a 5-kW
PEMFC stack (Wu et al., 2008). The structure of the CVM system will be
described in the following.

A single piece of fuel cell can produce about 1V voltage at maximum.
In order to provide required voltage to the load, the cells need to be
stacked. The monitoring for single-cell voltage can timely detect the
abnormal conditions and take the corresponding troubleshooting mea-
sures or change the operation strategy, thereby protecting the fuel cell
stack and prolonging the lifetime. When fuel cells convert from standby
state (stack current I¼0) to the working state (I>0), it will produce the
change of fuel cell voltage and electrode potential, namely, the polariza-
tion phenomenon. This phenomenon can indicate the energy loss to a
certain extent when fuel cells convert from standby state to the working
state. Usually, by inspecting the fuel cell voltage and current, a real-time
polarization curve (U–I curve) can be obtained. The curve can be used for
the fuel cell system feedforward control strategy, such as the setting of
required air amount and corresponding working pressure.

A typical U–I curve, as shown in Figure 41, is divided into three areas.
The first area is the activation polarization area; the second is the Ohm’s
polarization area, which is caused by fuel cell internal resistance includ-
ing membrane resistance, electrode resistance, and various contact resis-
tances. In such area, the voltage change with current is close to linear and
the normal operating area is in this area as well; the third is the concen-
tration polarization area, which is caused by the reactants transport
Figure 40 Typical arrangement of CVM system relative to the fuel cell (Mulder et al.,

2008).
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limitation in the gas diffusion layers under the large current condition (Yi,
2003).

Figure 42 shows the connection among the CVM system, fuel cell stack
as well as FCU (Fuel Cell Control Unit). CVM system collects single-cell
voltages periodically by using the metal PIN stitches inserted in the
bipolar plates. Then, the data need to be processed (such as the calcula-
tions of maximum voltage, minimum voltage, and total voltage). After
that, the results are transferred to FCU by CAN bus. FCU will do the
corresponding fault treatments based on the predefined criterion (such as
turn off the system in emergency or send the demand of decreasing the
current). As shown in Figure 43, the hardware structure of the exemplary
CVM system includes the voltage division circuit, differences amplifier,
A/D converter, single chip microcontroller (SCM), and CAN circuit.
These components are connected electrically. In this CVM system, there
are 45 measuring channels (each measuring channel detects two pieces of
single cells), which are divided into four groups A, B, C, and D. Groups A,
B, and C have 11 measuring channels for each one. Themonolithic voltage
signals are collected and input to three A/D transforming chips (with 11
channels for each one) separately according to these measuring channels.
Then, the converted data are sent to SCM by serial peripheral interface
(SPI). Group D has 12 measuring channels.

Before the data delivery, the collected voltage signals need to be pre-
processed. First, the electrical signal transits into the voltage division circuit
because the signal passed through the voltage division circuit has small
amplitude and needs to be amplified. For each measuring, one channel
detects two pieces of single cells, and the maximum detected voltage is
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Figure 41 U–I curve of the fuel cell.
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2V. Afterward, the amplified signal will be sent to the A/D transforming
chip. In order to ensure the effective electrical isolation between different
groups, the design of source module needs to be carefully considered.

3.4.2.2 Software design The software design of CVM system is based on
the SCM, for example, MC9S12DP256 microcontroller. The main frame-
work of the software are divided functionally by executive order into
three steps: 1) program initialization; 2) read the voltage data from ADC
and do some relevant calculations; 3) send the processed signal to the
FCU through the CAN bus. There are two types of data transferring on
the CAN bus: one is the trigger signal from the FCU to CVM system and
the other is the cell voltage data. For the purpose of sending trigger
information to FCU, the program adopts the method of timer overflow
interrupt. In the process of interrupt handling, the FLAG value needs to
be read, and then the transmit mode is chosen. The flowchart of timer
interruption program is shown in Figure 44.

3.4.3 Total harmonic distortion analysis
3.4.3.1 Harmonic distortion analysis approach To understand the har-
monic distortion theory, three concepts must be introduced: harmonics,
fundamental harmonic, and total harmonic distortion (THD). The word
‘harmonics’ originates from acoustics field. A harmonic of a wave is a
component frequency of the signal that is an integer multiple of the
fundamental frequency, that is, if the fundamental frequency is f, the
harmonics have frequencies 2f, 3f, 4f. . ., etc. The harmonics have the
property that they are all periodic at the fundamental frequency.
Conventional
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Figure 42 Operational scheme of CVM system.
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Therefore, the sum of harmonics is also periodic at that frequency.
Harmonic frequencies are equally spaced by the width of the fundamen-
tal frequency and can be found by repeatedly adding that frequency.
For example, if the fundamental frequency is 60Hz, the frequencies of
the harmonics are 120, 180, 240Hz, etc. The fundamental frequency, often
referred to simply as the fundamental and abbreviated f0 or F0, is defined
as the lowest frequency of a periodic waveform. The THD of a signal is a
measurement of the harmonic distortion present and is defined as the
ratio of the sum of the powers of all harmonic components to the power of
the fundamental frequency.

To understand a systemwith an input and an output, such as an audio
amplifier, we start with an ideal system where the transfer function is
linear and time invariant. When a signal passes through a nonideal,
nonlinear device, additional content is added at the harmonics of the
original frequencies. THD is a measurement of the extent of that
distortion.

THD ¼
P

Hp

Fp
¼ Vh

V1
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

2 þ V2
3 þ 
 
 
 þ V2

n

� �q
V1

(82)

where
P

Hp is the set of harmonic energy, Fp is the fundamental fre-
quency energy, Vh is the root mean square of the harmonics, and V1 is
amplitude of fundamental frequency.
3.4.3.2 Detection of fuel cell critical status by stack voltage analysis
Because of the serial connection of hundred cells in a fuel cell stack, the
critical operation of even just one cell can cause the failure of the whole
stack and accordingly shorten lifetime or reduce the reliability. The
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traditional CVM method detects the possible failure of a cell by measur-
ing all voltages of every single cell or every pair of cells. The requirements
of wiring and instrumentation are extremely large. Therefore, the cost
is relatively high and the operation is complicated. In contrast, THDA
approach can monitor stack status and identify the fault in real-time from
the sum voltage barely.
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In the fuel cell operation of the new approach by AVL List GmbH, a
small amplitude sinusoidal current signal is superimposed continuously
to the stack current, which connected in parallel to the fuel cell operating
point. As the cell transfer function within the usual operation range, such
as U–I curve, is linear, the responding cell voltage signal consists of the
same frequency spectrum as the original superimposed one.

The formed harmonics, which are caused by critical operating condi-
tions, were detected in the frequency spectrum of the entire stack voltage,
even if only a single or few cells generate harmonic distortion and therefore
extra spectral contents. The spectral content of the measured voltage signal
is correlated with the spectral content of the superimposed current signals.
Deviations are analyzed and evaluated in terms of critical fuel cell status.

Figure 45 shows in principle the distortion of a sinusoidal current
signal when an actual operating current is either at a critical (solid
curve) or at a typical normal (dashed–doted curve) condition. Gener-
ally, harmonic distortion occurs at conditions with insufficient air or
hydrogen supply at mass transport limitations or even during cell
voltage drifts or temporary drops caused by other reasons (Ramschak
et al., 2006).

In Figure 46, the hardware schematic of THDA device is described. An
auxiliary signal source is adding a small amplitude alternating current
(AC) signal to the system. With a capacitor, the AC signal is shifted to the
usually high DC (direct current) level of the stack voltage. On average, the
stack output power is not influenced by this device. The stack is loaded
and unloaded adequately to the superimposed current (rule of Kirchhoff,
refer to Figure 46: IBSTACK¼IBLOAD�IBTHDA). The sinks for the AC signal
are the external loads and system auxiliaries.

At steady state of the fuel cell system, only the measurement of the
sum voltage of up to several hundred cells is required. At transient
conditions, the additional measurement of the current is needed in
order to compensate the spectral impact of sharp load changes. Only the
AC part of the stack voltage is measured (high-pass coupling), and the full
dynamic range of the analogue digital converter (ADC) can be utilized for
the analysis of the AC signal content. Furthermore, the measurement, de-
noising, and transformation of the signals into the time–frequency or
frequency domain with the subsequent analysis can be implemented by
an embedded digital signal processor (DSP) board.

3.4.4 Research methods and main challenges
Currently, CVM technique is the most widely used method in fuel cell
diagnosis. However, as up to several hundreds of voltage channels have
to be measured, CVM greatly increases the wire connection, operational
complexity, instability, and the cost. THDA technique can dramatically
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reduce the contacting and cost by only measuring the stack total voltage.
The new approach can effectively diagnose several main critical stack
operation modes, such as insufficient air supply, low hydrogen stoichi-
ometry, fuel cell membrane dry, and water flooding.

Additionally, one of the advantages of THDA technology is that the
signal can be put into the frequency domain for its spectrum compo-
nents analysis, which greatly reduces the effects of the electromagnetic
interference. However, in the analysis of the results, the technique still
has some problems to be further studied, which is also the difficult
points, such as de-noising, the influence of instantaneous load changing,
the effects of the electromagnetic influence, the influence of converter
and inverter. Thus, some new methods must be brought forward to
solve these tough problems.

Nevertheless, THDA can hardly confirm the exact fault location. In
this case, wavelet analysis could be employed to deal with the problem.
In the course of the harmonic analysis, wavelet analysis will be the main
method for study. In frequency domain, Wavelet analysis has become a
foundation as the same as Fourier analysis. Also, wavelet theory is
more suitable for signal with time-varying, broadband noise or frequency
varying. The wavelet transform, which has the characteristics of different
scales/resolution, will do the multiscale decomposition for the detected
output signal and, then by the respective processing, reconstruct the
signal without any interference.
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The main challenges for fuel cell fault diagnosis in the future can be
drawn as: first, fault location algorithm will be study via THDA. Second,
it is the combination of CVM and THDA method. Additionally, the
analytical method and more types of faults diagnosis studies still have
ample room to be improved.
4. SUMMARY AND CONCLUSIONS

The PEMFC system modeling and control are critical for the system
integration and safe operation. To better understand the system behaviors,
two kinds of the models, that is, the lumped and distributed parameter
models, are developed. In the development of the lumped parameter
model, an engineering oriented modeling method is employed to capture
the transient processes in the PEMFC system. The corresponding results
show that the model can be sufficient to represent the real system by
means of theU–I curve and dynamic profiles. Based on themodel, analysis
of the parameter sensitivity is carried out as well (see Figures 8–10). In the
development of the distributed parameter model, the CFD is used to
model the fuel cell stack, and the auxiliary units are modeled with lumped
parameter models. The 3D CFD stack model is implemented in Fluent
package, and others are realized in Matlab/Simulink environment. The
collaborative simulations with Fluent/Simulink are carried out to investi-
gate the internal phenomenawhen the stack boundary conditions (e.g., inlet
humidity, flow rate) are changed by the specific controller, for example, the
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spatial distributions of the characteristic variables (such as temperature,
current, hydrogen, oxygen, and water). Additionally, the proposed collab-
orative platform can overcome the drawbacks of both lumped parameter
model and distributed parameter model. The collaborative simulation plat-
form can be used for the following purposes: (1) matching estimation of the
auxiliary units and stack; (2) a useful diagnostic tool. For example, we can
investigate the stack based on the polarization curve, current interrupt,
pressure drop, and current density mapping, which can be all obtained
from the collaborative simulation platform; (3) the optimization design of
PEMFC systems.

The hydrogen purge, thermal management, and air supply are selected
in this chapter as three control issues. As for the hydrogen purge, two
parameters (purge cycle T and purge duration time DT) are selected to be
optimized in order to obtain higher efficiency. It is observed experimentally
that the maximum cycle is 40s for the given stack. The purge duration time
is critical for the hydrogen utilization ratio and efficiency. This value is
determined by minimizing a predefined cost function. As for the thermal
management, two control algorithms are carried out and compared. It is
noted that the thermal management for the PEMFC system is typically a
systematical problem in that it includes not only the stack cooling issue but
also the cathode gas cooling. Normally, the air temperature out of the air
compressor is over 100�C, and the hot air needs to be cooled down, in order
to reduce the humidifying load. As for the air supply, a comprehensive
review is made. Two cases for the air supply, that is, without and with
current regulation, are studied. In the first case, the current is treated as a
measurable disturbance. A feedforwardþfeedback control structure is
applied to control the oxygen stoichiometry. The oxygen stoichiometry
fluctuation cannot be avoided. In the second case, the concept of current
regulation is introduced to reduce the oxygen stoichiometry fluctuation.
Additionally, two PI controllers with different proportional coefficients are
implemented and compared.

As well known, the monitoring function is widely embedded in
the control system. In order to avoid of the failures inside of the fuel
cell, the diagnose technology is required. In this chapter, the CVM
method is, first, introduced because this method is frequently used
in the fuel cell stack in the automotive application. It is also pointed
out that such method can lead to the wiring issues. Instead of the
CVM, the THDA technique proposed by AVL GmbH is described as
an example. This method only measures the stack voltage instead of
single-cell voltages.
NOMENCLATURE
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A
 area, m2
C
 valve flow coefficient

Cp
 specific heat, J/(molK)

Dw
 water diffusivity in the membrane, m2/s

E
 open circuit potential/energy, V/J

F
 faraday constant, 96,487C/mol

i
 current density, A/cm2
I
 current, A

j
 molar flux, mol/(sm2)

k
 thermal conductivity, W/(mK)

K
 hydraulic permeability, m2/s (or, ratio)

Kr
 gear ratio

L
 length, m

m
 mass, kg

_m
 mass flow rate, kg/s

M
 molar weight, mol/kg

n
 amount of mole

_n
 molar flow rate, mol/s

N
 amount

P
 pressure, atm.

PW
 power, W

Q
 heat, J

_Q
 heat flux, J/m2
r
 latent heat of vapor, J/kg

rpm
 revolutions per minute, N/min

R
 universal gas constant, 8.314J/(molK)

t
 time, s

T
 temperature, K

Tq
 torque, Nm

u!
 superficial velocity, m/s

U
 voltage, V

V
 volume, m3
X
 mole fraction of species

Y
 mass fraction of species

a
 heat dissipation coefficient

b
 coefficient

w
 humidity ratio

e
 porosity

�
 over potential, V

j
 relative humidity

k
 ratio of specific heat

l
 coefficient (or water content)
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m
 viscosity, kg/(ms)

r
 density, kg/m3
s
 conductivity, S/m

t
 time constant, s (or, viscous stress, N/m2)

o
 angular velocity

x
 coefficient

z
 stoichiometry flow ratio
SUPERSCRIPT
AfterPump
 after pump

Inc
 intercooler

Max
 maximum

outFC
 out of the fuel cell

outInc
 out of the intercooler

pump
 pump

req
 required

stack
 stack

SUM
 summation

ToFC
 into the fuel cell

ToInc
 into the intercooler
SUBSCRIPT
a
 anode

act
 activator

air
 air

amb
 ambient

amp
 ambient pressure

back
 feedback

bpv
 back pressure valve

c
 cool/cathode

cell
 single fuel cell

ch
 channel

comp
 compressor

conc
 concentration

cons
 consumption

conv
 convection

coolant
 coolant

drop
 pressure drop
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el
 electric

exp
 expander

fr
 friction

fuc
 fuel cell control unit

g
 gas

gross
 gross

H2
 hydrogen

H2O
 water

hum
 humidifier

in
 inlet

Inc
 intercooler

l
 liquid

late
 latent

melt
 melting point

mem
 membrane

mot
 motor

N2
 nitrogen

O2
 oxygen

ohm
 ohmic

out
 outlet

para
 parasitic

Pr
 pressure ratio

prod
 product

rad
 radiator

ref
 reference

sat
 saturation

sol
 solid

st
 stack

std
 standard condition

sur
 surface

temp
 temperature

val
 valve

ve
 vessel

veh
 vehicle

weg
 wet gas
LIST OF SYMBOLS
ffi
 approximately equal

<P
 less than
summation

 !
 equivalent to, if and only if
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�T
 the average of the variable T

@f/@tÐ
 the partial differential of f with respect to t
0
t f(t)dt� �
 the integral of the function ?f from 0 to t

r
 u!
 the gradient vector

DF
 the variation of a variable F

� (�)
 less (greater) than or equal to

jaj
 the absolute value of a scalar a

L�1 ( )
 the inverse Laplace transformation

Max
 maximum

S!P
 a map from a set S to a set P
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