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bstract

This paper presents a stationary and dynamic study of the advantages of using a regulating valve for the cathode outlet flow in combination with
he compressor motor voltage as manipulated variables in a fuel cell system. At a given load current, the cathode input and output flowrate determine
he cathode pressure and stoichiometry, and consequently determine the oxygen partial pressure, the generated voltage and the compressor power
onsumption. In order to maintain a high efficiency during operation, the cathode output regulating valve has to be adjusted to the operating
onditions, specially marked by the current drawn from the stack. Besides, the appropriate valve manipulation produces an improvement in the
ransient response of the system. The influence of this input variable is exploited by implementing a predictive control strategy based on dynamic
atrix control (DMC), using the compressor voltage and the cathode output regulating valve as manipulated variables. The objectives of this
ontrol strategy are to regulate both the fuel cell voltage and oxygen excess ratio in the cathode, and thus, to improve the system performance. All
he simulation results have been obtained using the MATLAB-Simulink environment.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte membrane (PEM) fuel cell systems are
fficient devices which allow the transformation of chemical
nergy stored in hydrogen to electric energy. In order to obtain
his transformation efficiently the global system, which includes
everal subsystems, must be considered. The air supply is one of
hese subsystems, which has a great influence in the system effi-
iency. At the same time, one of the most important challenges
n fuel cell control is to assure sufficient amount of oxygen in
he cathode when current is drawn abruptly from the fuel cell
tack. In this study, the air supply subsystem is composed by an
ir compressor, while the fuel supply subsystem relies on a pres-
urized hydrogen tank. The hydrogen inlet flow rate is regulated

y an independent control loop to maintain the working pressure
n the anode close to the pressure in the cathode. A schematic
iagram of the system is showed in Fig. 1.

� This paper presented at 2nd National Congress on Fuel cells, CONAPPICE
006, Madrid, Spain, 18–20 October 2006.
∗ Corresponding author. Tel.: +34 93 4015805; fax: +34 93 4015750.
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The PEM fuel cell system without a proper controller will
ot be able to withstand the load fluctuations [1]. When an elec-
ric load is connected to the fuel cell, the control system must
aintain the optimal temperature, the membrane hydration and

he partial pressure of the gases at both sides of the membrane
n order to avoid voltage degradation and fuel cell life shorten-
ng [2]. In particular, the air supply results critical in the system
erformance because the oxygen reacts instantly as current is
rawn, whereas the oxygen supply is limited by the dynamics
f the inlet manifold and the air compressor [3]. The operating
ir pressure and the air stoichiometric ratio provided to the stack
y the air supply subsystem, control the oxygen partial pressure
t the cathode catalyst layer. This partial pressure has major
nfluence in the cathode polarization and thus, in the conversion
fficiency [4].

In several publications, the control of air supply has been
pproached. In Ref. [5], it is demonstrated the convenience of
egulating the oxygen excess ratio in the cathode to maximize
he system net power. The oxygen excess ratio or stoichiomet-

ic ratio is defined as the ratio of inlet oxygen flow to reacted
xygen flow in the cathode. In Refs. [2,5,6,7], the control of
xygen excess ratio is approached through the manipulation
f the compressor motor voltage. In Refs. [2,5], feedforward

mailto:dferoldi@iri.upc.edu
dx.doi.org/10.1016/j.jpowsour.2007.01.053


206 D. Feroldi et al. / Journal of Power

Nomenclature

A fuel cell active area (cm2)
At cathode output valve area (cm2)
Cp specific heat capacity of air (1004 J kg−1 K−1)
E single cell open circuit voltage (V)
f output free response
F Faraday number (96,485 C)
gi dynamic matrix coefficients
G controller dynamic matrix
�H higher heating value of hydrogen (286 kJ)
i current density (A cm−2)
I stack current (A)
J cost function
m control horizon
MO2 oxygen molar mass (32 × 10−3 kg mol−1)
n number of cells in the stack
p prediction horizon
pO2 , pH2 oxygen and hydrogen partial pressure (Pa)
P power (W)
Q, R weight matrices
t time (s)
T temperature (K)
u control variable
U future control vector
V voltage (V)
w output setpoint
W flow rate (kg s−1)
ŷ predicted output

Subscripts and superscripts
atm atmospheric
aux auxiliary
CM compressor motor
CP compressor
FC fuel cell
i, j index
rct reacted
sys system
T transposed

Greek letters
γ ratio of the specific heats of air (1.4)
η efficiency
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the fuel cell generated power and P is the power consumed by
λO2 oxygen excess ratio

ontrol is employed, meanwhile in Refs. [6,7], model based
redictive control (MPC) is employed. These works indicate
hat there is a severe conflict between oxygen excess control
nd net power dynamic response if no extra power source
s employed. This limitation arises from the fact that all the
ower required by the air supply compressor comes from

he fuel cell stack. In Ref. [6], supercapacitors are included
s an ancillary power source in order to support the power
eaks.
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m
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The voltage applied to the compressor motor is a suitable
anipulated variable in order to control the oxygen excess ratio

n the cathode, as it is showed in Refs. [2,5,6,7]. In this paper, we
ropose to use a regulating valve for the cathode outlet flow in
ombination with the compressor motor voltage as manipulated
ariables to control both the oxygen excess ratio and the stack
oltage. In Refs. [2,5,6,7], the stack output voltage is let unregu-
ated. However, depending on the application, the regulation of
he stack output voltage would be required.

The paper is organized as follows: in Section 2, a description
f the fuel cell system model employed is done. Stationary and
ransient analyses of system performance are done in Sections 3
nd 4, respectively. In Section 5, a control strategy based on pre-
ictive control is proposed. The results are presented in Section
and, finally, conclusions are stated in Section 7.

. Pem fuel cell system model description

This work utilizes the PEM fuel cell model proposed by
ukrushpan et al. [2]. This nonlinear model is used to represent

he transient behaviour of the plant in the simulation analysis.
he control oriented model for automation applications includes

he transient phenomenon of the compressor, the manifold filling
ynamics (both anode and cathode), reactant partial pressures,
nd membrane humidity. The stack voltage predicted by the
odel depends on load current, partial pressure of hydrogen

nd oxygen, fuel cell temperature and the contents of water in
he membrane. Spatial variations are not included and constant
roperties are assumed in all volumes. Only temporary varia-
ions are present. The model also assumes that the inlet reactant
ows in the cathode and in the anode can be humidified, heated
nd cooled rapidly. With respect to the considered dynamics,
he model neglects the fast dynamics of the electrochemical
eactions (time constant of 10−19 s). Temperature is treated as a
onstant parameter because its slow behaviour (time constant of
02 s), allowing to be regulated by its own (slower) controller.
he model represents a 75 kW fuel cell system with 381 cells.
or more model details see Ref. [2].

. Stationary analysis

As it has been mentioned, the air supply subsystem has a
trong influence in fuel cell performance. On the one hand,
n insufficient air supply may cause oxygen starvation in the
athode, which causes voltage reduction and membrane life
hortening. On the other hand, the compressor operation implies
power consumption that diminishes the system efficiency. The

ystem efficiency is defined as [8]:

sys = VFC

1.482

(PFC − Paux)

PFC
(1)

here the constant 1.482 results of using the higher heating value
f hydrogen (�H = 286 kJ mol−1), VFC the fuel cell voltage, PFC
aux
he auxiliary equipment. The compressor power represents the

ajor consumption in the auxiliary subsystem and is the only
arasitic power considered in this work.
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WO2,rct =
4F

i (4)

where WO2,rct is the rate of oxygen reacted, MO2 the molar
mass of oxygen equal to 32 × 10−3 kg mol−1, n is the cell’s
Fig. 1. PEM

The operation at a higher pressure increments the generated
oltage as a result of the increment in the cathode oxygen partial
ressure and anode hydrogen partial pressure:

= 1.229 − 0.85 × 10−3(TFC − 298.15)

+ 4.3085 × 10−5TFC [ln(pH2 ) + 0.5 ln(pO2 )] (2)

here E is the generated voltage in a single cell in open circuit
n volts, TFC the fuel cell temperature in Kelvin and pH2 and pO2

re the cathode partial pressure of hydrogen and oxygen, respec-
ively, in atm. Nevertheless, an increment in the operating pres-
ure implies a higher consumption of power in the air compres-
or, contributing to a reduction in the system efficiency. In fact,
n increment in the cathode pressure produces an increment in
he supply manifold pressure and thus, an increment in the pres-
ure ratio across the compressor and in the compressor power
onsumption. The power consumed by the air compressor is:

CM = CpTatm

ηCP

⎡
⎣( psm

patm

) γ−1
γ

− 1

⎤
⎦WCP (3)

here WCP is the compressor air flow rate, PCM the compressor
ower, Tatm the inlet air temperature in the compressor, ηCP the
ompressor efficiency, psm the supply manifold pressure, Cp
he specific heat capacity of air, equal to 1004 J kg−1 K−1 and

is the ratio of the specific heats of air equal to 1.4.
The compressor motor voltage as a control input allows

egulating the oxygen partial pressure in the cathode. Aug-
enting the compressor voltage the oxygen partial pressure

ncreases. However, the compressor power consumption also
ncreases. Thus, it is important to employ a complementary way
o increment the oxygen partial pressure. A diminution of the
rea of the valve that closes the cathode air flow contributes to

ncrease the cathode pressure and at the same time, contributes
o decrease the air flow, the stoichiometry, and the oxygen
oncentration. The consumption of the compressor has two
pposite trends: the trend to increase due to the pressure rise and
cell system.

he trend to decrease due to the flow reduction. When all these
ffects are taken into account, there is a positive balance in the
otal efficiency diminishing the valve area as we can observe
nalyzing the polarization (Fig. 2), efficiency (Fig. 3), power
ompressor consumption (Fig. 4) and oxygen partial pressure
urves (Fig. 5) plotted for two different valve areas and a certain
ompressor voltage (Vcm = 140 V). It is important to note that
he increase in the efficiency is not for all current densities.

hen the current density is high the flow and concentration
eduction have a greater influence than the pressure increase and
he result is a decrease in the oxygen partial pressure. In effect,
he oxygen consumption is higher at higher current densities:

MO2nA
Fig. 2. Polarization curves with Vcm = 140 V and different valve area.
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Fig. 3. Efficiency curves with Vcm = 140 V and different valve area.

Fig. 4. Compressor power consumption curves with Vcm = 140 V and different
valve area.

Fig. 5. Oxygen partial pressure curves with Vcm = 140 V and different valve
area.
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Fig. 6. Efficiency curves with Vcm = 100 V and different valve area.

umber, A the active cell area equal to 381 cm2, F Faraday
umber equal to 96,485 C and i is the current density. Hence,
he oxygen molar fraction in the cathode will be lower because
f the oxygen starvation.

Depending on the operating pressure, the increment in effi-
iency happens along different current density ranges. With
ow operating pressures (lower compressor voltage, Vcm) the
ystem efficiency increment due to the valve closure occurs
nly at low current densities, whereas with higher operating
ressures (higher compressor voltage) the increment in sys-
em efficiency occurs along greater current densities ranges.
his can be seen in Figs. 6–8. For Vcm = 100 V, the efficiency

ncrement occurs only for current densities below 0.34 A cm−2

Fig. 6), for Vcm = 140 V, the increment occurs for current den-
−2
ities below 0.67 A cm (Fig. 3), while for Vcm = 180 V, the

ncrement occurs for al the current densities analysed (Fig. 7).
s can be seen in Fig. 8 for Vcm = 180 V, the oxygen partial
ressure rise, as a result of diminishing the valve area, occurs at

Fig. 7. Efficiency curves with Vcm = 180 V and different valve area.
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ig. 8. Oxygen partial pressure curves with Vcm = 180 V and different valve
rea.

ll current densities. In Fig. 9, it can be seen how the efficiency
hanges with At for values between 20 and 40 cm2.

As a conclusion of this stationary analysis, it can be stated that
he cathode output valve area as well as the compressor motor
oltage have to be adjusted in order to have high efficiency.

. Transient analysis

Besides the possible performance improvement observed
n the stationary analysis there is also an improvement in
he transient behaviour using the cathode air flow valve as a

anipulated variable. A preliminary transient analysis is made
mploying a DMC control strategy (the details of this control

trategy are explained in the next section). The controlled
ariable in this analysis is the stack voltage. A stack current
isturbance from 200 to 210 A is applied to the fuel cell system
n order to compare the disturbance rejection capability of the

Fig. 9. Efficiency curves with Vcm = 180 V and different valve area.
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Fig. 10. Comparative between stack voltage responses.

ystem. A comparison between the transient responses obtained
sing only the compressor voltage as a control variable and the
ne obtained by using the opening valve area in combination
ith the compressor voltage is showed in Fig. 10. The later

hows a better behaviour with a reduction in the stack voltage
ime response from 0.6 to 0.4 s.

. Control strategy

The advantages of using the opening valve area together with
he compressor voltage are exploited implementing a control
trategy. This control strategy is based in dynamic matrix predic-
ive control (DMC) and has two control objectives: (i) to regulate
he oxygen excess ratio in the cathode, λO2 and (ii) the generated
oltage, VFC. As we explained before, the control of λO2 is an
ndirect way to control the system efficiency [5]. The load cur-
ent, IFC, is considered as a disturbance to the fuel cell system.
he compressor motor voltage by itself is not able to control
oth control objectives. Nevertheless, with the addition of the
pening valve area control variable, At, this problem is solved.
herefore, the manipulated variables are: u1 = Vcm and u2 = At.

The DMC uses the step response to model the process, taking
nto account only the p first samples until the response tends to
constant value, assuming therefore that the process is asymp-

otically stable. Thus, the predicted output can be expressed as:

ˆ = Gu + f (5)

here

=

⎛
⎜⎜⎜⎜⎜⎜⎜

g1 0 · · · 0

g2 g1 · · · 0
...

...
. . .

...

⎞
⎟⎟⎟⎟⎟⎟⎟ (6)
⎜⎜⎜⎝

gm gm−1 · · · g1

...
...

. . .
...

gp gp−1 · · · gp−m+1

⎟⎟⎟⎠
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controlled variables (λO2 and VFC), while Figs. 14 and 15 show
the manipulated variables (Vcm and At). As can be observed in
the figures, the implemented controller has a good disturbance
rejection: the stack voltage response has a peak (3.5% of VFC
10 D. Feroldi et al. / Journal of P

s the dynamic matrix constructed from the coefficients gi

btained from the step response with prediction horizon p and
ontrol horizon m, u the future control vector and f is free
esponse, that means, the response that not depends of future
ontrol movements [9].

The DMC controller objective is to minimize the difference
etween the consignees, w(t), and the process outputs in a least
quare sense with the possibility of including a penalty term on
he control signal:

=
p∑

j=1

R[ŷ(t + j|t) − w(t + j)]2 +
m∑

j=1

Q[�u(t + j − 1)]2

(7)

here R and Q are diagonal weight matrixes. With the matrix R
t is possible to compensate the different ranges of values in the
rocess outputs, meanwhile the matrix Q allows to give different
eights to the control signals.
If there are no restrictions in the manipulated variables, the

inimization of the cost function J can be realized making its
erivative equal to zero, resulting:

= (GTRG + Q)
−1

GTR(w − f ) (8)

uch as all the predictive control strategies, only the first ele-
ent in the control vector calculated is sent to the plant. In the

ext iteration, the sequence of control is calculated again using
ctualized information from the plant. The theoretical bases of
he method are given in detail in Ref. [9].

There is a great interaction between the manipulated variables
nd the controlled variables, which makes difficult the realiza-
ion of a decentralized control of the system [10]. The DMC
esolves efficiently the interaction problem between manip-
lated variables and controlled variables. The multivariable
ontroller implemented employs in his control algorithm an
xtended dynamic matrix that takes into account the interactions:

=
(

G11 G12

G21 G22

)
(9)

here each matrix Gij contains the coefficients of the ith step
esponse corresponding to the jth input. The matrices R and Q
ave now the following form:

=
(

R1 0

0 R2

)
; Q =

(
Q1 0

0 Q2

)
(10)

here Ri and Qi are diagonal matrices of dimension p × p and
× m, respectively. Thus, a centralized multivariable controller

t is proposed, which take into account the interactions between
anipulated and controlled variables.

. Results
The control horizon m, the prediction control p, and the
atrices R and Q were adjusted, in the control algorithm, to

chieve an adequate dynamic behaviour of the fuel cell system.
he values of R and Q have a strong influence on the transient
Fig. 11. Fuel cell stack current.

esponse obtained. This is especially true for the weight matrix
, which reduces the control effort. The higher are the values

n Q, the lower is the control effort, but the response time is
reater. The values chosen of Q and R are: Q1 = diag(1,1, . . .,
), Q2 = diag(0.5,0.5, . . ., 0.5), R1 = diag(5,5, . . ., 5), R2 = (1,1,
. ., 1). The values of m and p are 100 and 15, respectively.

The internal model utilized by the DMC controller has
een obtained through the linearization of the nonlinear model
escribed in Section 2 around the operating point corresponding
cm = 187.5 V, At = 20 cm2, Ist = 190 A, which gives a net power
f 40 kW.

The simulation results of the controlled system with varia-
ions in the load current are presented in Figs. 12–15. In Fig. 11,
he perturbation profile is showed. Figs. 12 and 13 show the
Fig. 12. Oxygen excess ratio.
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Fig. 13. Fuel cell stack voltage.

Fig. 14. Compressor motor voltage.

Fig. 15. Cathode air flow opening valve area.
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ig. 16. Comparative between stack voltage response with measured and non-
easured disturbance.

ariation for 15% of IFC variation) that disappears in less than
.5 s, and the oxygen excess ratio response presents a peak (30%
f λO2 variation for the same IFC variation) that vanishes in less
han 1 s.

The controller performance can be improved if the distur-
ance is measured and a step disturbance model is included in
he control model used to predict the plant outputs. Comparisons
etween measured and non-measured disturbance approaches
ave been made. In Figs. 16 and 17, details of voltage stack
nd oxygen excess ratio responses are showed, respectively. The
esults obtained show a substantial improvement in the gener-
ted voltage response. The oxygen excess ratio response could
e changed by adjusting the values of the weight matrices.

The control algorithm implements a compensation mech-

nism to rectify the inevitable model errors and deal with
on-measured disturbances. This compensation mechanism uti-
izes output values, and thus, assures zero error at steady-state.

ig. 17. Comparative between oxygen excess ratio response with measured and
on-measured disturbance.
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[9] E. Camacho, C. Bordons, Model Predictive Control, Springer-Verlag, Lon-
12 D. Feroldi et al. / Journal of P

The simulation analysis shows a good performance in a wide
perating range around the linearization point despite the inter-
al controller model is linear.

. Conclusions

High efficiency level, long life cycle and good transient
ehaviour are fundamental issues for the success of fuel cell
ystems in energy and automotive market. Through a steady-
tate analysis it is showed that the system efficiency, in most of
he current density range, can be improved by manipulating the
athode outlet air flow valve. The dynamic analysis performed
lso shows a transient response improvement with this addi-
ional manipulated variable. Taking advantage of these facts,
his article proposes a control strategy based on predictive con-
rol (DMC) that uses the compressor motor voltage together
ith the cathode air flow valve area as manipulated variables.
he controlled variables are the stack voltage and the oxygen
xcess ratio. To predict the future process response, the control
trategy makes use of a process model that is easily obtainable
hrough step response. The simulation analysis shows an appro-
riate dynamic response, which can still be improved with the
nclusion of the disturbance model. The control objectives have

een accomplished with reduced control effort. This effort can
e further reduced modifying the values of the matrix Q. This
s particularly important because of practical limitations in the

anipulated variables.
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