
I
f

Y
M

a

A
R
R
A
A

K
P
D
C
C
A
T

1

p
p
p
p
s

f
a
p
s
p
t
e
a
o
p
t
b

0
d

Journal of Power Sources 195 (2010) 6329–6341

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

mproving dynamic performance of proton-exchange membrane
uel cell system using time delay control

oung-Bae Kim ∗

echanical Engineering Department, Chonnam National University, Gwangju, Republic of Korea

r t i c l e i n f o

rticle history:
eceived 28 January 2010
eceived in revised form 29 March 2010
ccepted 6 April 2010
vailable online 20 April 2010

eywords:
roton-exchange membrane fuel cell

a b s t r a c t

Transient behaviour is a key parameter for the vehicular application of proton-exchange membrane
(PEM) fuel cell. The goal of this presentation is to construct better control technology to increase the
dynamic performance of a PEM fuel cell. The PEM fuel cell model comprises a compressor, an injection
pump, a humidifier, a cooler, inlet and outlet manifolds, and a membrane–electrode assembly. The model
includes the dynamic states of current, voltage, relative humidity, stoichiometry of air and hydrogen,
cathode and anode pressures, cathode and anode mass flow rates, and power. Anode recirculation is also
included with the injection pump, as well as anode purging, for preventing anode flooding. A steady-state,
ynamical model
ompressor
ooler
node recirculation
ime delay control

isothermal analytical fuel cell model is constructed to analyze the mass transfer and water transportation
in the membrane. In order to prevent the starvation of air and flooding in a PEM fuel cell, time delay
control is suggested to regulate the optimum stoichiometry of oxygen and hydrogen, even when there
are dynamical fluctuations of the required PEM fuel cell power. To prove the dynamical performance
improvement of the present method, feed-forward control and Linear Quadratic Gaussian (LQG) control
with a state estimator are compared. Matlab/Simulink simulation is performed to validate the proposed

the d
methodology to increase

. Introduction

Fuel cells provide environmentally friendly, high-efficiency
ower sources without the Carnot limitation of efficiency. The
roton-exchange membrane fuel cell (PEMFC) is one of the most
romising candidates for hybrid road vehicles by virtue of its high
ower density, zero pollution, low operating temperature, quick
tart-up capability, and long life.

There are three major subsystems in a typical pure hydrogen
uel cell system, namely: air supply, fuel supply and recirculation,
nd water and thermal management (including humidification and
urge.) Flow rates and pressures are controlled to avoid oxygen
tarvation, water flooding of the membrane, and excessive auxiliary
ower consumption by the air supply subsystem. Anode recircula-
ion is used to reduce hydrogen waste, maintain a pressure differ-
nce between anode and cathode minimal, and run the fuel in the
node to obtain better water management. The dynamic response

f the fuel cell system is important for vehicular applications where
ower demand fluctuates and where the fuel cell and other subsys-
ems do not usually operate at the optimum steady-states designed
y the manufacturer. Therefore, constructing a precise PEM fuel cell
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E-mail address: ybkim@chonnam.ac.kr.

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ynamic performance of a PEM fuel cell system.
© 2010 Elsevier B.V. All rights reserved.

dynamical model is crucial, in addition to adopting a robust control
technique, to meet the power fluctuation requirements.

A number of fuel cell models have been devised to predict polar-
ization [1–5]. While providing good understanding of the fuel cell
fundamentals, these contributions at the cell level are not suitable
for the study of control. Compared with these steady-state stud-
ies, few dynamic models of fuel cell systems have been published
[6–11]. Pukrushpan et al. [12] developed a system-level model that
included a compressor, a supply and return manifolds, humidifier,
and anode and cathode channels. This model is used for the air sys-
tem control without including anode recirculation. He used linear
quadratic regulation (LQR) optimal control theory to increase the
transient performance; however, the control requires an observer
and lengthy linearization process, and only regulation of the oxy-
gen ratio was discussed in the study. The linear model has also
been used; however, it is not sufficient for application in the non-
linear PEMFC model. In addition to the linear analysis, increasingly
adaptive and intelligent controllers have been designed for fuel cell
application. Schumacher et al. [13] presented a fuzzy logic con-
troller for a miniature PEMFC. Hasikos et al. [14] applied a neural
network in the robust control of hydrogen utilization with oxy-

gen stoichiometry regulation. Shen et al. [15] designed an adaptive
fuzzy controller for temperature control in a molten carbonate fuel
cell (MCFC) stack. Model-predictive control has also been used for
the power tracking of a fuel cell [16]. Most studies have focused on
airflow control, temperature control, or power optimization. Bao et

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ybkim@chonnam.ac.kr
dx.doi.org/10.1016/j.jpowsour.2010.04.042
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Nomenclature

A system matrix or area (m2)
B constant or state matrix
B+ pseudo-inverse of B matrix
B̂ estimation of B matrix
C concentration or state matrix
d disturbance
D state matrix
e error vector
ENernst Nernst instantaneous voltage (V)
f non-linear function
f̂ estimation of function f
F feedback gain matrix or Faraday constant (C mol−1)
h unknown disturbance vector
I current (A)
J current density (A m−2) or performance index or

rotational inertia (kg m2)
k nozzle constant
K gain matrix
L time delay (s)
m mass (kg)
M molar mass (kg mol−1)
n number of cells
N number of poles
P pressure (Pa)
q molar flow (mol s−1) or converted mass flow rate in

the injection pump (m3 s−1)
Q weighting matrix
rm resistivity (� m)
R weighting matrix
RC contact resistance (�)
Rcomp compressor resistance (�)
Rm equivalent membrane impedance (�)
Rohmic internal ohmic resistance (�)
t Time (s)
T Temperature (K)
Ts sampling time (s)
u control input or injection coefficient
V or v voltage (V)
Vact activation overvoltage (V)
Vconc concentration overvoltage (V)
Vohmic ohmic overvoltage (V)
w noise variable
W mass flow rate (kg s−1)
x state variable or state vector
ẋ state vector derivative with time
y control output
ŷ observer output
z performance or observer state matrix

Greek symbols
� specific heat ratio
ı water content of the membrane
ε relative density
� constants utilized in modeling of activation voltage
� efficiency
� converted adiabatic velocity (m s−1) or stoichiome-

try
� damping ratio
˘ pressure ratio
� density (kg m−3)
	 torque (N m−1)
ϕ velocity correction coefficient

˚ magnetic flux (Wb)
� relative humidity
ω angular velocity (rad s−1)
ωn natural frequency (s−1)

Superscripts and subscripts
a air
an anode
atm atmosphere
C compressed flow in the injection pump
ca cathode
comp compressor
cooler cooler
diff difference
e error
fc fuel cell stack
gen generation
H pumped flow in the injection pump
H2 hydrogen
humid humidifier
im inlet manifold
in inlet
l liquid
m model reference
memb membrane
N2 nitrogen
nozzle nozzle
O2 oxygen
om outlet manifold
out outlet
P pumping flow in the injection pump
PH ratio between pumping flow and pumped flow
pump injection pump
purge purge
react reaction
recircle recirculation
sat saturation

T transpose
* target value

al. [17] developed multiple input–output controllers for increasing
transient PEM fuel cell dynamic response. Model-predictive control
was suggested for the non-linear PEM fuel cell model; however,
prolonged training of the neural model is required to render the
method practical. Moreover, fuzzy or neural controllers are based
on the linear model and disturbance or time varying parameters
such as change in temperature cannot be eliminated effectively.
There are currently only a few reports that pertain to robust PEMFC
control.

Compared with the above use of fuzzy or LQR controls to regu-
late oxygen and hydrogen stoichiometry, this investigation focuses
on improving the transient behaviour of a PEMFC by applying the
robust control method. As the problem of regulating oxygen and
hydrogen stoichiometry requires encompassing modeling uncer-
tainty or variation of PEMFC system parameters due to variations in
the operating environment, a more robust or variation-free control
technique is essential. A method used to meet the above conditions
is time delay control (TDC) [18–20]. This technique can render the

state variables to follow accurately the reference dynamics by uti-
lizing plant input and output information within a few sampling
periods. It can adapt the control input into the reference dynamics
even with varying plant parameters or disturbance to the system.
The TDC technique does not require gain-phase adjustments nor
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Fig. 1. Configuratio

oes it track the control variable in the manner of most control
lgorithms. Since the job of non-linear PEMFC dynamic model iden-
ifying in real-time basis is not necessary in TDC, its logic is simpler
nd more compact in comparison with other control algorithms.
urthermore, it has the advantage of an available controller design,
ven when the exact PEMFC dynamics are not ready or when the
odel dynamics error cannot affect control performance.

. Fuel cell system model

A diagram of the air supply system, hydrogen supply and recir-
ulation subsystem in a PEMFC is shown in Fig. 1. This is the
rototype of a high-pressure fuel cell system (FCS) (80 kW stack)

n a Korean fuel cell hybrid sports utility vehicle (SUV) [21]. A com-
ressor driven by a motor is used to obtain the proper airflow. At
he end of the outlet manifold in the cathode, a proportional back-
ressure valve enables regulation of the cathode pressure. In the
node loop, an injection pump enables anode recirculation. The
haracteristics of the injection pump can be changed by regulating
he pressure of the pumping flow with a proportional pressure reg-
lator. At the end of the anode outlet is a purge valve. As shown in
ig. 1, the filled blocks, including the compressor, cathode inlet and
utlet manifolds, and lumped anode and cathode volumes, domi-
ate transient behaviour. Considering the relatively small volume
f anode inlet and outlet manifolds and the small pressure drop in
he anode loop, all volumes are combined into one lumped volume.
ince the temperature of the air leaving the compressor is very high,
cooler is necessary to decrease the inlet temperature of the mem-
rane. The study assumes that the membrane electrode assembly
MEA) temperature is 80 ◦C, which has been observed in most PEM-
Cs. A steady-state, isothermal analytical fuel cell model is also
dopted to analyze the mass transfer and water transportation
n the membrane. A dynamical PEMFC model is justified because
hermal dynamic behaviour has slower dynamics compared with

ass flow or water transportation dynamics. As the temperature
uctuation in most MEAs is 4 ◦C [22], the thermal effect can be

gnored.

.1. PEM fuel cell stack

Most fuel cell models that describe the physical behaviour of a
EMFC are represented either by empirical equations fitted to the
urve of the polarization characteristics or by computational fluid
ynamics (CFD) to solve the transport of mass and charges. The
ormer can be used to describe a steady-state behaviour but lacks

he full dynamics that are complemented by reflecting the double-
ayer capacitor [23]. These models do not provide the gas dynamics
ominant along the flow paths.

CFD-based models have been widely employed to analyze phys-
cal phenomena in a single cell; however, they are limited to
M fuel cell system.

representing dynamic characteristics in conjunction with compo-
nents of the balance-of-plant (BOP) used for the analysis of power
system. Consequently, a dynamical model is necessary. Thus, the
present study includes water balance in the membrane and BOP
characteristics.

A cell is constructed by individual model layers. Of these lay-
ers, three obtain a current–voltage static relationship in a cell: the
ohmic overpotential in the membrane, the activation overpotential
in the catalyst on the cathode side, and the concentration overpo-
tential. The voltage drop for a cell is dependent on the reactant
partial pressure and membrane water content [24], i.e.,

Vfc = ENernst − Vact − Vconc − Vohmic (1)

The Nernst’s instantaneous voltage can be written as [1]

ENernst = 1.229 − (8.5 × 10−4)T − 298.15 + 4.308 × 10−4 × T

× ln(PH2 + 0.5PO2 ) (2)

The molar flow of hydrogen that reacts in order to meet the load
change can be found as

qH2 = Ifc
2F × Afc

(3)

The following expression gives the activation overvoltage occur-
ring in a PEMFC system [4]:

Vact = �1 + �2T + �3T(ln(Ifc)) + �4(ln CO2 ) (4)

In Eq. (4), the concentration of dissolved oxygen at the gas/liquid
interface can be defined by a Henry’s law expression of the form:

CO2 = PO2

5.08 × 106exp(− 498
T )

(5)

Ohmic overvoltage in fuel cell system is the measure of the I × V
voltage drop associated with the proton conductivity of the poly-
mer electrolyte and electronic internal resistances. Thus, the ohmic
overvoltage in a fuel cell can be represented as:

Rm = Ifc × Rohmic = Ifc × (Rm + RC) (6)

The equivalent membrane impedance can be expressed in
Ohm’s law as:

Rm = rm × l

Afc
(7)

The resistivity of a Nafion type of proton-exchange membrane

can be calculated from Eq. (7) as [25]:

rm =
181.6[1 + 0.03 J + 0.062 ×

(
T

303

)2 × J2.5

[ı − 0.634 − 3 J] exp
[
4.18 ×

(
T − 303

T

)] (8)
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The concentration overvoltage can be expressed as:

conc = B × ln(1 − J

Jmax
) (9)

Finally, the voltage of a fuel cell stack formed by n cells con-
ected in is given by:

stack = n × Vfc (10)

.2. Air flow system

The air supply system consists of a compressor, cooler, humid-
fier, and manifolds for the inlet and outlet. The outlet of a
ompressor driven by an electric motor is connected to the cooler,
umidifier, and an inlet of flow channels through pipes. In this
tudy, the humidifier is simplified into an ideal one without any
ssociated dynamics and energy losses.

The compressor is constructed with an impeller driven by an
lectric motor. The dynamic response of the blower is described by
he inertia of the motor and impeller, and the torque produced by
he motor. Hence, the torque produced by the motor, 	comp, is a
unction of the stator resistance, Rcomp, the magnetic flux constant,

comp, and the number of the poles, Ncomp, with the stator voltage
comp. Therefore, the flow rate (Wcomp) can be controlled by the
oltage of the motor, vcomp [22], i.e.,

dωcomp

dt
= 1

Jcomp

(
	comp − Wcomppcomp�comp

�comp�ambωcomp

)
(11)

′
comp = �comp

3
2

(
Ncomppcomp

2

)(
˚comp

Rcomp

)
(12)

comp =
[
vcomp −

(
Ncomp

2

)
˚compωcomp

]
× 	 ′

comp (13)

The parameters for the compressor are derived by characteristic
ata and specifications, which usually include both flow parameter
nd overall efficiency versus the head parameter [26]. The relation
etween compressor speed, downstream pressure, and compressor
irflow rate is governed by the compressor flow map.

The compressed airflow enters through the inlet manifold and
nfluences the changes in the pressure inside the inlet manifold
hrough mass and energy conservation laws.

dmim

dt
= Wcomp − Win,out (14)

dmim

dt
= �Ra

Vim

(
WcompTcomp − Win,outTim

)
(15)

The change in inlet manifold pressure affects the rate of air
ntering the stack cathode through the linear nozzle equation,
here kim is the inlet manifold nozzle constant.

im = Kim(pim − pca) (16)

The temperature of the air in the inlet manifold is typically
igher due to the high temperature of air leaving the compres-
or (over 100 ◦C), which degrades the fuel cell performance [21].
o prevent further malfunction to the fuel cell membrane, the air
eeds to be cooled down to the stack operating temperature. In this
tudy, an ideal cooler is assumed to keep the temperature of the air
ntering the stack at Tcooler = 80 ◦C. It is also assumed that there
s no pressure drop in the cooler. As temperature change effects
as humidity the relative humidity of the gas exiting the cooler is
btained as:
cooler = pcooler�atmpsat(Tatm)
patmpsat(tcooler)

(17)

here �atm = 0.5 is the assumed ambient air relative humidity and
sat(Ti) is the vapour saturation pressure at a gas temperature Ti.
ces 195 (2010) 6329–6341

Airflow from the cooler should be humidified before entering
the stack since the cooler condenses vapour to lower the relative
humidity. A static model of the humidifier is used to calculate the
change in air humidity. The temperature of the airflow is assumed
to be constant. Based on the condition of the flow exiting the cooler,
the vapour pressure is determined by:

pv,cooler = �coolerpsat(Tcooler) (18)

The vapour pressure can be calculated as:

pv,humid = Wv,humidMa

Wa,coolerMv
pa,cooler (19)

The humidifier exit flow relative humidity can be obtained as:

�humid = pv,humid

psat(Tcooler)
(20)

The humidity exit flow rate is governed by the mass continuity:

Whumid = Wa,cooler + Wv,humid (21)

As the flow leaving the humidifier enters the fuel cell cathode, it
is referred to as cathode inlet flow. The rate of this air flow into the
cathode affects the oxygen level in the cathode and thereby affects
both stack voltage and stack power output. The dynamics of the
oxygen level in the cathode is governed by the mass conservation
law. There are three states in the cathode volume model: the oxy-
gen mass mO2ca, the nitrogen mass mN2ca and the vapour mass mvca.
Their state equations are:

dmO2ca

dt
= WO2ca,in − WO2ca,out − WO2,react (22)

dmNca

dt
= WN2ca,in − WN2ca,out (23)

dmvca

dt
= Wvca,in − Wvca,out + Wvca,gen + Wv,memb − Wl,caout (24)

The oxygen partial pressure which affects the stack voltage can
be calculated from these states using the ideal gas law. The amount
of oxygen reacted or used in the reaction, WO2,react, is a function of
the stack current Ifc, which is considered as the disturbance input.

WO2,react = MO2

nlfc
4F

(25)

The function in the linear nozzle equation is in the same form
as Eq. (16), where kom,out is the outlet manifold nozzle constant,
and pca and pom are the cathode and the outlet manifold pressure,
respectively. In this study, pom is assumed to be 1 atm.

Wom,out = kom,out(pca − pom) (26)

From the above equations, the electrical current drawn from
the stack will cause the oxygen partial pressure to drop inside the
cathode volume. This reduces the stack efficiency and increases the
risk of oxygen starvation. To replenish the oxygen, the compressor
has to increase the airflow to the inlet manifold. But, the cathode
oxygen cannot be replenished instantaneously since the dynamics
of the compressor, inlet manifold and cathode volume are affected.
The outlet manifold valve opening can be used to alter the cathode
oxygen transient response by closing it down or opening up during
transients.

2.3. Hydrogen flow system

The anode flow system is different from the cathode flow sys-

tem since the hydrogen is delivered through an injection pump
with an expansion section. In this study, hydrogen is supplied to
the anode of the fuel cell through a hydrogen tank. The pumping
flow rate can be instantaneously adjusted through a valve to main-
tain the minimum pressure difference between the cathode and the
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Fig. 2. Matlab/Simulink

node. Hydrogen recirculation is also utilized to reduce hydrogen
sage. While pumping flow crosses via a nozzle, the pumped flow is

nhaled into the receiving chamber. During the mix of the pumping
ow and the pumped flow, energy and momentum are exchanged
nd result in a compressed flow in the mixing chamber. Since the
ressure difference between the pumping flow and pumped flow

n the anode recirculation loop is small, the non-linear relationship
n the following equation can be obtained through the conservation
f mass and energy momentum theorem [27].

PC − PH

PH
= k˘P∗

PPfP1

PHfP3
q2

PH

×
[

εP∗(ϕ2ϕ4 − 0.5)
�P

�H

fP1

f3 − fP1
u2 + ϕ1ϕ3

�PH

qPH

]
− εP∗

(
1

ϕ4
− 0.5

)
�P

�C

fP1

f3
(1 + u)2 (27)

The above equation can be simplified as:

an,pump =
{

kan,pump(pca − pan) if pca ≥ pan

kan,recircle(pan − pca) if pca < pan
(28)

here kan,pump and kan,recircle are the nozzle coefficient from pump-
ng flow into the anode section and the coefficient from pumped
ow into the anode, respectively. The hydrogen is usually supplied

rom the injection pump into the anode; however, if the anode pres-
ure is larger than that of the cathode pressure, then recirculation
egins.

Impurities gradually accumulate in the cells near the fuel
xhaust outlet. Proper management is required to provide enough
ydrogen fuel for these particular anodes to perform the electro-

hemical reaction. Periodical purging or continuous exhaust release
s required for diluting or refreshing the exhaust build-up, although

stack may be claimed as a dead-end structure. In this study,
eriodical purging is adopted to release accumulated water or

mpurities, including hydrogen. For the purge analysis, the follow-
of PEM fuel cell system.

ing equation can be used:

Wan,purge = kan,purge(pan − patm) (29)

Similar to the cathode flow model, hydrogen partial pressure
and anode flow humidity are determined by balancing the mass
flow of hydrogen and vapour in the anode.

dmH2an

dt
= WH2an,in − WH2an,out − WH2,react (30)

dmvca

dt
= Wvan,in − Wvan,out − Wv,memb − Wl,an,out (31)

In above equation, the following equations are used:

WH2an,out = Wan,purge (32)

WH2an,in = Wan,pump (33)

The configuration diagram for the PEMFC model constructed
with Matlab/Simulink is given in Fig. 2. Experimental validation
for the model can be referred to in Ref. [11].

3. Flow control

The focus of the air supply system in a FCS is to avoid oxy-
gen starvation and to respond to the immediate power demand
requirement. Corresponding to a specific electrode load, the exces-
sive amount of reactant is described by the stoichiometric ratio,
which is the ratio of the reactant supplied to the reactant used. As
the dominant consumer of auxiliary power, the compressor is the
only parasitic unit described in this study. With increasing air stoi-
chiometric ratio and corresponding pressure, the stack gross power

improves and the compressor consumption increases. This trade-
off and the steady-state optimum operation conditions have been
analyzed in detail [28]. As the net power increases, the optimum
pressure continually rises and the optimum air stoichiometric ratio
shows a non-monotonous trend. Here, the desired air stoichiome-
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Fig. 3. Matlab/Simulin

ry is chosen to be constant (air stoichiometry = 2), which has been
ound to yield maximum fuel cell power [12].

In addition to avoiding fuel waste and humidifying the hydro-
en, maintaining the pressure difference between the anode and
athode is another task for the fuel supply and recirculation subsys-
em because frequent changes in pressure difference will damage
he membrane.

The control problem for the highly non-linear model is to obtain
ood transient and steady performance. This must include opti-
um air stoichiometry and no pressure difference between the

node the cathode.

.1. Feedfoward control

In order to achieve the above objectives, static feedfoward (FF)
ontrol can be used to achieve the desired operation. The target dry
ir flow rate can be obtained by:

compressor = �O2 IfcnMa

4F(0.21)
(34)

pump = �H2 IfcnMH2

2F
(35)

The control input of the compressor motor, vcomp, can be
btained from the power balance between the compressor and the
otor. The FF controller is obtained by simulating various operat-

ng conditions. After interpolating the input voltage of vcomp, vnozzle,
hich satisfies the Eqs. (34) and (35), the final FF controller is

btained. This is an easy and rapid calculation process with sev-
ral simulations; however, it has a disadvantage in that its transient
esponse shows poor performance in regulating the desired param-
ters because it is an open-loop system. The advantage of the FF
ontroller is that it is easy to implement and covers the fuel cell
ystem with certain level of non-linearity.

.2. LQG control with Kalman estimator

The dynamic non-linear model for air stream, hydrogen flow
ith recirculation, and anode purging in a PEMFC system is
escribed as:
˙ = f (x, u, w), u = [vcomp, vnozzle]T (36)

= Ifc (37)

= [ωcomp, mO2 , mN2 , mvap,ca, mH2 , Pca]T (38)
del of LQG controller.

z = [�O2 , Pdiff]
T (39)

y = [vfc, Wcomp]T (40)

The purpose of the LQG controller is to track the control inputs
under the disturbance of change in stack current. The controller
should also preserve the desired oxygen stoichiometry and trans-
form the pressure difference between cathode and anode to zero. As
the outputs of stack voltage, vfc, and compressor flow rate, Wcomp,
are easily measured, their values are directly fed back by the LQG
gain K from the Matlab control toolbox, i.e.,

K = lqr(A, B, CT , Q, C, R) (41)

J =
∫ ∞

0

(ıZT QıZ + ıuT Rıu)dt (42)

In the above equations, the oxygen stoichiometry tracking value
is 2, and the pressure difference between the anode and the cath-
ode is set to zero. The state matrices A, B, C and D are obtained using
linearized operating conditions with Ifc = 300 A, vcomp = 130 V, and
vnozzle = 128 V. Since the oxygen stoichiometry is difficult to mea-
sure, an estimated value is obtained using a Kalman filter and fed
back into the inputs of vcomp,vnozzle. The Simulink LQG control dia-
gram for the PEMFC model is shown in Fig. 3. The inputs and outputs
can be selected through port selectors. Since the model is inherently
linear (i.e., obtained from one of the operating points of the PEMFC)
it is difficult to use in satisfying all the operating conditions. There-
fore, a non-linear PEMFC model is necessary to regulate the oxygen
stoichiometry constant and the pressure difference between the
anode and the cathode zero. On the other hand, building the non-
linear model is a lengthy and therefore time-consuming process
[17]; thus, a robust control method that is also easy to implement
in a real-time environment and applicable to the non-linear dynam-
ical system is necessary.

3.3. Time delay control

All state variables and their derivatives are assumed to
be observable and the non-linear time invariant plant can be
expressed as
ẋ = f (x, t) + h(x, t) + B(x, t)u + d (43)

The matrix B(x,t) is assumed to be known. The purpose of TDC is
to design a controller to obtain the required performance under
unknown environments. Therefore, the required performance is
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efined as the reference model as:

˙ m = Amxm + Bmr (44)

If e is defined as an error vector between xm and x, then the
esired error dynamic becomes:

˙ = Aee (45)

If all the eigenvalues of Ae locate on the left half plane, then the
rrors will become null as time passes, therefore, the errors will
e asymptotically stable. Using the above equations, the following
quation can be obtained:

(x, t)u = −f (x, t) − h(x, t) − d + ẋm − Aee (46)

As the inverse of B(x,t) exists always, and if the pseudo-inverse
f B is defined as B+ = (BTB)−1BT, then an approximated solution of
(t) can be obtained as:

= B+(x, t){−f (x, t) − h(x, t) − d + ẋm − Ae} (47)

In order to determine whether u as defined by the above expres-
ion could satisfy the error dynamics of Eq. (45), Eq. (47) is inserted
nto Eq. (46). This results in the following error dynamics equation

ith a constrained equation:

˙ = (Am + K)e + (I − B̂B̂+)[−f̂ (x, t) + Amx + Bmr − Ke] × (I − B̂B̂+)

(48)

−f̂ (x, t) + Amx + Bmr − Ke] = 0 (49)

If the constrained Eq. (49) is satisfied, and the eigenvalues of
Am + K) locate on the left half plane, then the error of Eq. (48) will
onverge to zero.

.3.1. Compensator design
The input values of the plant represented by Eq. (47) can be spec-

fied under the condition that the unknown function of h(x,t) + d(t)
hould be pre-defined. If the unknown function h(x,t) + d is a contin-
ous one and the time delay L is small enough, then the difference
etween h(x,t) + d and h(x(t − L),t − L) + d(t − L) is minimal, that is:

ˆ(x, t) + d̂ ≈ h(x(t − L), t − L) + d(t − L)

= ẋ(t − L) − f (x(t − L), t − L) − B(x(t − L), t − L)u(t − L)

(50)
Therefore, unknown estimated values are obtained from the
revious measurement value, state variables, and control input

nformation.
del of TDC controller.

In most cases, the matrix of B(x,t) is always unknown or uncer-
tain, therefore, B̂, which is the estimation of B(x,t), is used. The
following equation can be then be derived from Eqs. (47) and (50).

u = B̂+{−f (x, t) − ẋ(t − L) + f (x(t − L), t − L) + B̂(t − L)u(t − L) (51)

The control input of Eq. (51) can be described simply by placing
the sampling time Ts equal to L or multiplying the integer for the
purpose of easy calculation. A more careful decision of the Ts can
be referenced [29].

3.3.2. Observer design
In the above TDC expressions, all state variables are assumed to

be observable. In a real feedback control problem, however, not all
the variables are measurable. Therefore, it is compulsory to design
an observer that can be interfaced with TDC, such as the Leuen-
berger observer for accurate control. For the unknown non-linear
system, the unknown uncertainty and state variables should be
observed. As a reference model is introduced in the present system,
the following simplified linear observer can be utilized:

ż = Amz + Bmr + F(y − ŷ) = Amz + Bmr + FC(z − x) (52)

where z and ŷ are the observer state variable and the observer out-
put, respectively. The reference model dynamics is used by the
above-observed model, because the plant dynamics of Eq. (43)
follow the reference dynamics under the application of TDC. The
observed variable z is utilized instead of the state variable x, and
the time delayed estimation of the unknown dynamics h(x,t) + d is
accomplished by variable z. Therefore, the control input u is deter-
mined as:

u = B̂+{−f (z, t) − h(z, t) − d + ẋm − Aee} (53)

h(x, t) + d = ż(t − L) − f (z(t − L), t − L) − B̂(t − L)u(t − L) (54)

The objective of the time delay controller is to render accurately
the control output to follow the reference model output, although
some output disturbances or parameter changes might exist. In
doing so, the reference model is designed to have asymptotical sta-
ble roots. Since the compressor plant dynamics are represented
approximately by third order [30], the reference model is designed
to have:

Xm(S)
R(S)

= 5�ω3
n

(s2 + 2�ωns + ω2
n)(s + 5�ωn)

(55)

The steady-state form of the reference model has the following

form:

Am =
[

0 0 0
0 0 1
−5�ω3

n −10(�2ω2
n + ω2

n) −7�ωn

]
(56)
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m =
[

0
0
5�ω3

n

]
(57)

The steady-state form of the error matrix is represented as:

g =
[

0 1 0
0 0 1
−5�ω3

n −10(�2ω2
n + ω2

n) −7�ωn

]
(58)

In the TDC design, it is very important to obtain the estimated
alue of B̂ and the pseudo-inverse of B̂+. They are expressed as

ˆ = [0.1429 0.5285 1.0591]T (59)

ˆ+ = (BT B)
−1

BT = [0.1005 0.3718 0.7451]T (60)

The simulink block diagram for TDC in the present study is given
n Fig. 4.

. Simulation results and analysis

The step input response of oxygen stoichiometry, both with and
ithout LQG controllers is shown in Fig. 5. As shown in the fig-
res, the LQG controller with a Kalman estimator tracks the step

nput well. The simulation is also performed with input noise, and
he LQG controller effectively attenuates the noise. From the data
n Fig. 5(c), it is manifest that the open-loop PEMFC stoichiometry

ith a large value converges very slowly. The LQG controller con-
rols the oxygen stoichiometry well near the value of 2, but there is
slight deviation from the desired value. This proves that the LQG

s not robust. A stack voltage comparison between FF, LQG and TDC
s given in Fig. 6. The voltage fluctuation with the LQG controller
s larger than those of other controllers because the PEMFC plant
or the LQG control is linear; the oxygen stoichiometry fluctuates
arger than the others. A larger rate of oxygen mass flow increases
he pressure inside the cathode, which causes a larger stack volt-
ge and thereby, increases the parasitic power and decreases the
et power. Moreover, the LQG controller shows a sluggish response
o reach the other steady-state operating point, which hinders the
elivery of immediate power supply in vehicular applications. The
QG controller does not show overshoot, however, because rela-
ively high damping is involved in the controller during the design
rocess of the LQG. As the LQG controller does not regulate oxygen
toichiometry well and has sluggish transient response, only the FF

nd TDC comparisons are made to discuss the transient response
or the PEMFC.

Fig. 7 shows the transient performance of the fuel cell system
elated to certain steps of the stack current and corresponding vari-
bles from the FF and TDC models. It is evident that the discrepancy

Fig. 6. Comparison of FF, LQG an
Fig. 5. Comparison between LQG and open-loop system.

between the performances of the FF and TDC models is small. As
shown in Fig. 7(a), every step of the stack current lasts for at least
2.5 s, and the electrical load during 17.5–2.5 s is assumed to be the
same as that during 12.5–7.5 s. Since the stack current increases,
the dynamic response during 0–7.5 s in Fig. 7(b) shows that the
air stoichiometric ratio cannot follow this sharp disturbance and
decreases instantaneously due to the inertia of the compressor.
The increased consumption of oxygen causes the cathode inlet
pressure to decrease a little synchronously, as shown in Fig. 7(c).
The dynamics of the fuel cell system then transfers gradually to a
new steady-state under the updated control inputs. With the step-
change of the control input, vcomp, the late-increment of the cathode
inlet pressure reveals a characteristic of non-minimum phase. This
is because both the inlet manifold and compressor inertia exist. If
the control input does not correspond to the variation in stack cur-
rent, a too-sharp increment in the electric load might deplete the
oxygen and collapse the fuel cell system. As shown in Fig. 7(b), the

FF controller renders the stoichiometry to be approximately 2, but
there might be some minor deviation around 2 due to system non-
linearity. FF shows a deeper drop of stoichiometry than TDC and
this can cause oxygen starvation. Oxygen stoichiometry also shows

d TDC controller response.
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hat FF has a sluggish response to the current input because FF has a
arger time constant than TDC. Meanwhile, TDC has a fast transient
esponse and the stoichiometry converges to 2 as soon as the tran-
ient response vanishes. As the main objective of the PEMFC control
s to keep the oxygen stoichiometry to 2 with minimal anode and

athode pressure difference, TDC has better transient performance
han FF. For the cathode inlet pressure control, as shown in Fig. 7(c),
he FF control shows larger pressure existence inside the cathode
han the TDC during 10–30 s. This means that a larger airflow rate

ig. 7. Comparison between FF and TDC for PEM fuel cell variables. (a) Stack current; (b)
tack voltage; (g) Cathode relative humidity; (h) Compressor outlet temperature.
ces 195 (2010) 6329–6341 6337

is necessary, as shown by the stoichiometry value. As a greater air-
flow is required, a larger parasitic power loss is engaged, as shown
in Fig. 7(d) and (e). The stack voltage output is given in Fig. 7(f) and
illustrates that more oxygen is required in the FF control than in
TDC.
The transient behaviour of the stack voltage is closely relayed to
two physical variables: oxygen stoichiometry and relative humid-
ity [31,32]. As shown in Fig. 7(g), the relative humidity obtained
from both control methods is almost the same. The transient char-

Oxygen stoichiometry; (c) Cathode pressure; (d) Fuel cell power; (e) Net power; (f)
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Fig. 7.
cteristics of the stack voltage is strongly dependent on the oxygen
toichiometry only. In general, when the stack current increases
uddenly, the stack voltage has undershoot characteristics and
eaches the steady-state after a certain amount time elapses. This
inued )
amount of time is called the ‘time delay’. During this time, due to the
supply of humidified gas and internal hydration from the electro-
osmotic drag and back diffusion, the membrane becomes hydrated,
which results in voltage recovery. Likewise, when the load changes
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Fig. 7.

rom high to low, the stack voltage shows an overshoot with a time
elay. In the simulation, as the stack current increases suddenly
rom 250 to 285 A at 10 s, as shown in Fig. 7(a), the stack volt-
ge drops instantaneously, as shown in Fig. 7(f). Undershoots are
bserved from both control actions, but the time delay from FF is a
ittle longer than that of TDC. The steady-state voltage of the FF is
lso larger than that of the TDC because the oxygen stoichiometry
f the FF is larger than that of the TDC. As the time delay is closely
elated to the air supply speed, TDC shows a slightly better transient
ehaviour in considering the time delay. Another load increase is
ngaged at 22.5 s, and the stack voltage variation has the same
haracteristics as shown at 10 s. The instantaneous stoichiometry,
owever, drops below 1.6 with the FF control action, as shown in
ig. 9(b). It is reported that if the oxygen stoichiometry is below 1.6,
he stack voltage becomes unstable, and it has a longer time delay
o reach a steady-state condition [31]. In this sense, the FF control

ay have an undesirable transient effect in considering a reliable
uel cell operation. Meanwhile, when the load changes from high
o low, the stack voltage shows an overshoot. At 12.5 s, the sudden
hange in stack current occurs from 282 to 240 A. The oxygen stoi-
hiometry of TDC is maintained well at 2, but that of the FF shows a
ower one. Both control actions show a voltage overshoot, as shown
n Fig. 7(f), but a larger overshoot is detected for FF control. The FF

ontrol also shows a longer time delay than that of the TDC con-
rol. The steady-state voltage for FF control is also lower than that
f the TDC because the oxygen stoichiometry is smaller than the
ptimum value of 2. Although an ample airflow rate and pressure

Fig. 8. Compres
nued ).

increase stack voltage and electric power, the excessive compres-
sor parasitic power degrades the net power, as shown in Fig. 7(d)
and (e). These represent a trade-off between the stack and the com-
pressor. In net power consumption, neither of the control methods
shows a large difference. If the relative humidity is too low, then the
membrane dries out and the conductivity decreases. By contrast, if
the relative humidity is too high, it produces an accumulation of liq-
uid water on the electrodes, which can flood and block the pores,
making gas diffusion difficult [33]. Fig. 7(g) illustrates the relative
humidity of the cathode side with a value between 0.9 and 0.97;
therefore, the relative humidity is well controlled and thus prevents
water flooding or membrane drying using TDC. Fig. 7(h) shows the
compressor outlet temperature; since higher oxygen stoichiometry
requires more air supply the compressor temperature will increase
as expected. FF has more temperature fluctuation than TDC, and a
higher temperature (nearly 10 K) is observed in the FF control than
in the TDC. It should be noted, however, that both controls need to
be cooled to meet the fuel cell operating temperature.

The running trajectory of the compressor related to the same
steps of the stack current and the control input in Fig. 7 is demon-
strated in Fig. 8. It can be seen that the compressor almost works
in the high-efficiency zones. Therefore, there is a good size match
between the stack and the compressor.
The anode transient characteristics are presented in Fig. 9. The
purge is conducted for 1 s every 5 s interval, as shown in Fig. 9(a),
which also gives the purged hydrogen flow rate. Since the purged
flow rate depends on the pressure difference between anode and

sor map.
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Fig. 9. Anode control. (a) Purge time and purged m

tmospheric pressures, the purged flow rate differs at each purge
peration. As shown in Fig. 9(b), the anode pressure profile agrees
ell with the cathode profile with a pressure difference of nearly

ero. Given that the hydrogen flow control is intended to minimize
he pressure difference across the membrane, TDC performs well to
revent an abrupt pressure gradient difference. Nevertheless, there
ppear to be minor ripples in the anode pressure because a minor
ressure difference always exists between the hydrogen pumping
ressure and the inside of the anode pressure. Furthermore, the
urging operation instantaneously drops the anode pressure. Anal-
sis shows that the purging effect is not dominant, which agrees
ith the findings of Bao et al. [17]. If the purging time is longer

han 1 s, it shows a larger anode pressure drop. The exact effect of
urging time and hydrogen stoichiometry on the anode pressure
rop can be taken from Gou et al. [34]. Since the pressure differ-
nce between anode and cathode is nearly zero, this proves that
he membrane inertial dynamic fluctuation force could be well-

aintained to prolong the life of the PEMFC.

. Conclusions

A PEMFC dynamical model is constructed with a compressor,
ooler and humidifier at the cathode, and a hydrogen recirculation

njection pump and purging valve at the anode. The compressor
nput voltage and hydrogen pumping control are selected for the
ontrol inputs to improve transient performance, respond quickly
o power requirement demands, and prevent oxygen starvation by
ccurately preserving the desired oxygen stoichiometry as quickly
ow rate; (b) Cathode and anode pressure profiles.

as possible. The objective of the present control is to regulate
immediately the oxygen stoichiometry with minimal fluctuation
and zero pressure difference between the cathode and the anode.
The PEMFC system is highly non-linear with continuous, varying
requested power demand in vehicle applications and changing
parameters due to temperature variation. A robust control tech-
nique is necessary to satisfy these objectives. TDC is chosen and
designed to fulfill these objectives satisfactorily. Static FF and LGQ
control are also applied in order to prove the effectiveness of TDC
in improving transient dynamics. The results show that TDC reg-
ulates the oxygen stoichiometry very well with a relatively quick
response, and that it minimizes the pressure difference between
the anode and the cathode. TDC shows less of a stoichiometry drop
than FF, which might prevent oxygen starvation. TDC also gives
faster response in oxygen stoichiometry than FF, which is impor-
tant in supplying immediate power delivery in vehicle applications.
Moreover, it provides a well-maintained relative humidity to pre-
vent water flooding or membrane drying. For anode control, it can
effectively control anode pressure to allow for a minimum devia-
tion from that at the cathode. In order to minimize the fluctuation
of air and fuel pressures further for the sake of stack longevity, other
power sources are necessary to alleviate the rapid changes in power
demanded from the PEMFC.
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