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bstract

For PEM fuel cells supplied with air, pressure and flow control is a key requirement for an efficient and dynamic operation because fuel cells
re in risk of starvation when the partial pressure of oxygen at the cathode falls below a critical level. To avoid oxygen starvation and, at the same
ime, to allow for a dynamic operation of the fuel cell system, both excess ratio of oxygen and cathode pressure need to be adjusted rapidly.

In this paper a model-based control structure is proposed that comprises a multivariable control of the cathode pressure pC and the excess ratio
f oxygen λO2 using the mass flow controller (MFC) and the outlet throttle as actuators. For both controlled variables appropriate desired values
an be specified independently. As the derived dynamic model of the air supply system is nonlinear, advanced control techniques using differential
atness are applied.

Since the partial pressure of oxygen in the cathode flow field is a state variable that is hardly accessible by measurement, a tracking observer is

mployed to estimate this pressure using the measured air pressure at the outlet throttle. Thereby, the observer enables the control system to detect
oth temporary shortages of oxygen and peak pressures at the cathode and to counteract accordingly.

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

Fuel cells (FC) are energy converters that are not subject to
he Carnot cycle and can, therefore, provide electrical power and
eat efficiently, even in the part-load range. In case of hydrogen
s fuel no direct emissions occur.

In automotive and several niche transportation applications
Cs act as propulsion engine or as auxiliary power unit. In sta-

ionary applications fuel cells are utilised as combined heat and
ower plants or as uninterruptible power supplies.

The prevalent type of fuel cell is the polymer electrolyte mem-
rane fuel cell (PEMFC), which is characterised by a high power
ensity and a low operating range with temperatures from 0 to
0 ◦C. In both applications mentioned, a dynamic and efficient

erformance is required due to varying operating conditions and
n operation with alternating loads. The power response of the
uel cell system depends mainly on the interaction of the fuel cell

∗ Corresponding author. Tel.: +49 731 5026325
E-mail address: michael.danzer@uni-ulm.de (M.A. Danzer).
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tack itself and the necessary peripheral components like air and
uel supply, flow and pressure control, heat and water manage-
ent. Hence, the control objectives are to maintain efficiency

nd to avoid degradation by guaranteeing appropriate tempera-
ure, humidity and partial pressures of the reactants across the
lectrode.

Flow and pressure control in particular is a key requirement
or an efficient and dynamic performance of the PEMFC [6].
uel cells are in risk of starvation during high current demand
see Fig. 2) and fast load changes (see Fig. 1) [12]. Starva-
ion comes along with a drop in partial pressure of oxygen and
ccurs when more gas molecules react than are fed to the active
urface.

The mass flow ṁair at the inlet of the cathode is usually
rovided by a feedforward control proportional to the actual
urrent, according to Faraday’s Law

˙ air,in = λO2

ṁO2,react

y
= λO2

N MO2 IFC

y z F
, (1)
O2 O2

ith the mass fraction of oxygen in air yO2 and the excess ratio
O2 = ṁO2,in/ṁO2,react. As can be seen in Fig. 1, this feedfor-
ard control of the mass flow leads to a temporary undersupply

mailto:michael.danzer@uni-ulm.de
dx.doi.org/10.1016/j.jpowsour.2007.08.049
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Fig. 1. Excess ratio of oxygen and cathode pressure at current step.

ith λO2 < 1. Due to the time constant of the supply system
xygen cannot be replenished fast enough.

Diffusion is a limiting factor in the case of high current den-
ity. Reactant concentration drops and concentration overvoltage
ncreases significantly due to both high reactant consumption
nd head loss at high flow rate. The limiting current with every
ncoming molecule reacting immediately is referred to as Ilim.
he limiting current leads to a steep decline in voltage in the IV
haracteristics at high currents (Fig. 2).

The I–V characteristics can be described theoretically (2) by
he equilibrium voltage via the Nernst equation and additional
oss terms in terms of overvoltages ηi [1]. The fuel cell voltage

FC is a function of the fuel cell current IFC, the stack temper-
ture TFC, the partial pressures pO2 and pH2 of the reactants at
he electrodes, the porosity ε of the gas diffusion layer and the
onductivity κ of the membrane

FC(IFC, x) = Ueq − ηact − ηconc − ηohm, (2)

ith x = [TFC, pO2 , pH2 , ε, κ]T.

Related to the partial pressures of the reactants, two effects

re important. First, decreasing partial pressures lead to a lower
oltage level all over the I–V characteristics due to an increased
oncentration overvoltage. Second, the limiting current Ilim

Fig. 2. I–V characteristics with limiting current.
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epends on the stack temperature, the reactant partial pressure
nd the porosity of the gas diffusion layer

lim = f (p, T, ε). (3)

f the partial pressures of the reactants drops, Ilim decreases and
he I–V characteristics is deformed towards smaller currents.
his reduces the available operating range. A drop in partial
ressures at high currents puts a crucial risk to the cell. If the
imiting current falls below the actual fuel cell current, the cell
olarity gets reversed. This effect harms the cell by damaging
he catalyser.

In order to prevent starvation, feedforward control of the air
ass flow and pressure control at the outlet of the system are

nsufficient. As will be shown in the following, multivariable
eedback control of the cathode pressure pC and the excess ratio
f oxygen λO2 using the mass flow controller (MFC) and the out-
et throttle as actuators, complies with the requirements. Since
he flow dynamics is nonlinear, as described in Section 3, nonlin-
ar model-based pressure control is proposed in Section 5. Here,
first problem arises: the partial pressure of oxygen at the elec-

rode is an unknown inner state variable and hardly accessible
y measurements. Hence, an observer is employed to estimate
his pressure using the measured pressure at the outlet throttle of
he fuel cell system. Thereby, the dynamic observer allows for
etecting temporary shortages or peak pressures at the electrode
nd enables the control system to counteract accordingly.

. Fuel cell subsystem

The core of the test rig is given by a fuel cell stack as depicted
n Fig. 3 from the centre of solar energy and hydrogen research
ZSW) in Ulm with 25 cells and a nominal power of 800 Wel. The
ir supply subsystem of the fuel cell comprises the flow chan-
els of the fuel cells and all the peripheral components required
o supply air and to remove water and exhaust. The test rig is
upplied with dry compressed air with a maximum of 2 barabs.
he air is humidified by a dew point humidifier. The air flow fed

o the stack is controlled by a mass flow controller. The supply

anifold between the MFC and the stack consists of pipes and

onnections. Another manifold connects the outlet of the stack
ith the outlet throttle that is used for controlling the cathode
ressure.

Fig. 3. Fuel cell stack.
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electrode has to be taken into consideration. The effective mass
flow

ṁeff = ṁr + ṁmem + ṁH2O (10)
Fig. 4. Structure of the gas supply subsystem.

In the following, the supply pressure at the MFC is assumed
s constant. Modelling focuses on the system illustrated in the
lock diagram in Fig. 4.

. Dynamic model of the air supply system

Modelling the air supply system aims at describing the inter-
ction of the mass flow controller and the outlet throttle with the
athode pressure pC and the excess ratio of oxygen λO2 dynami-
ally. The model is achieved by developing an equivalent circuit
iagram for the pneumatic system using analogies to electrical
ystems [10].

.1. Lumped pneumatic model

Pneumatic resistances and capacities form lumped parame-
ers of the model. A pneumatic resistance describes the friction
osses of a gas flow and a capacity represents the ability of

component to store mass [9]. Pipes, manifolds, throttles
nd flow channels of the fuel cell stack can be modelled by
sing such pneumatic resistances and capacities. In the follow-
ng these subsystems as well as the whole equivalent circuit
ncluding the mass flow controller will be described mathemat-
cally.

.2. Model of the mass flow controller

As described in (1) the desired air mass flow to operate the
ystem is calculated using Faraday’s Law

˙ MFC,d = λO2 N MO2IFC

yO2 z F
(4)

ince the MFC does not react instantaneously on a change in the
esired mass flow ṁMFC,d, this characteristic can be described
s a first order lag element with the time constant τ

d

dt
ṁMFC + ṁMFC = ṁMFC,d. (5)

f the pressure p1 at the outlet of the MFC rises, the effective
ass flow ṁ1 decreases. If p1 equals the supply pressure pmax

he mass flow saturates which is described by the saturation
unction

˙ 1 = tanh{a (p1 − pmax)}ṁMFC. (6)
.3. Model of the manifold

There are two manifolds in the system. The inlet manifold
etween the MFC and the fuel cell and the outlet manifold
Fig. 5. Model of the manifold.

etween the fuel cell and the throttle. The simplest model of
manifold or a pipe is a pneumatic capacity and a pneumatic

esistance in parallel (Fig. 5). Generally, there are two borderline
ases of flow, laminar [10] and turbulent [4] flow. Accordingly,
aminar resistances Rlam and turbulent resistances Rturb have to
e distinguished. In the case of laminar flow the mass flow is
roportional to the pressure drop at the resistance

p = Rlamṁ. (7)

n the case of turbulent flow the mass flow is proportional to the
oot of the pressure drop

�p = Kturbṁ, (8)

ith the constant parameter Kturb and the pressure dependent
urbulent flow resistance

turb = Kturb
√

�p. (9)

Since laminar and turbulent flow are borderline cases, the
neumatic resistance of a pipe can also be modelled as a series
f a laminar and a turbulent resistance (Fig. 6).

.4. Model of the fuel cell stack

In analogy to the manifold model the fuel cell stack model
Fig. 7) consists of a laminar and a turbulent resistance and a
apacity. The resistance results from the friction losses of the
as flow through the flow fields. The capacity results from the
torage volume of the flow fields and the gas diffusion layer.
he FC model differs in the configuration of the components,
hich is founded on the results of the parameter identification

cf. Section 4). Furthermore, the change in mass flow at the
Fig. 6. Equivalent circuit of the inlet and outlet manifold.
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Fig. 7. Equivalent circuit of the fuel cell stack.

s modelled as a source in the equivalent circuit. The effective
ass flow consists of the mass flow ṁr of the reaction at the

athode side, the mass transport ṁmem through the membrane
nd the mass flow ṁH2O of water coming from the humidifier.
he mass flow of the reaction

˙ r =
(

MH2O

zH2O
− MO2

zO2

)
NIFC

F
(11)

omprises the creation of water and the consumption of oxygen
t the current IFC. The mass flow

˙ mem = ṁdrag − ṁdiff (12)

escribes the water transport through the membrane caused by
he electro-osmotic drag (ṁdrag) and by back-diffusion (ṁdiff).
he description of ṁdrag and ṁdiff can be found in Refs. [7]
nd [2]. The derivation of the amount of water ṁH2O car-
ied in by the humidifier can be seen in Ref. [13]. It results
n

˙ H2O = Rair

RH2O

psat(Thum)

pC − psat(Thum)
(13)

ith the gas constants Rair, RH2O and the saturation pressure
sat at the temperature Thum of the humidifier.

.5. Model of the throttle

The throttle at the outlet is modelled by a turbulent resistance
4]. The throttle resistance RT can be changed by varying the
pening area AT. The mass flow through the throttle is calculated
y

˙ out = pout

RT
= μAT

√
2

ρ

√
pout. (14)

.6. Model of the air supply system

Connecting all subsystems to the overall model of the air
upply system leads to the equivalent circuit in Fig. 8 with the

ombined resistances

RI = Rlam1 + Rturb1 + Rlam2,

RII = Rturb2 and RIII = Rlam3 + Rturb3.

r
s

R

Fig. 8. Equivalent circuit of the air supply system.

he dynamics of the pneumatic system is described by a set of
ridnary first order differential equations

˙ 1 = C1 ṗ1 + p1 − p2

RI
(15)

p1 − p2

RI
= C2 ṗ2 + p2 − p3

RII
+ ṁeff (16)

p2 − p3

RII
= C3 ṗ3 + p3

RIII + RT
. (17)

hese differential Eqs. (15)–(17) together with the equations of
he MFC (5) and (6) describe the entire system dynamics of the
ir supply system.

. Parameter identification

In Ref. [13] measurements were done to identify the parame-
ers C1, C2, C3, RI, RII and RIII of the air supply model for a wide
ange of mass flows. The air mass flow through the system was
hanged stepwise from a minimum of 0.5 g s−1 to a maximum
f 2 g s−1. The parameters for each subsystem were obtained
rom the measurements by using the Nelder–Mead algorithm
or parameter optimisation [5]. Inputs to the algorithm are the
easured pressure values y

mea
, the actual mass flow ṁin and

he derived model description in form of discretised differen-
ial equations. With these finite difference equations the model
alues y

mod
are calculated. The algorithm then calculates the

ptimal parameter vector

= [C1, C2, C3, Rlam1, Rlam2, Rlam3, Kturb1, Kturb2, Kturb3]T

y minimizing the quadratic error

= (y
mea

− y
mod

)2 (18)

etween the measured values and the model values.
As an example of an identified subsystem, in Fig. 9 the results

rom the parameter identification for the fuel cell stack can be
een. Here the measured pressure values p2,mea and the simu-
ated model values p2,mod are compared.

By parameter identification the values of the parameters for
he MFC (τ), the capacities (C1, C2, C3), the laminar resistances
Rlam1, Rlam2, Rlam3) and the constant factors for the turbulent

esistances (Kturb1, Kturb2, Kturb3) were determined as can be
een in Table 1.

The last missing parameter in Fig. 8 is the throttle resistance
T. As described above the throttle is modelled by a turbulent



M.A. Danzer et al. / Journal of Power Sources 176 (2008) 515–522 519

r

R

T
c
T
t
t
a
[

5

c
t
t
t
a
m
M
a
t
a
r

T
I

P

τ

C

C

C

R

R

R

K

K

K

t

u

A
e

5

a
[
t

e

(

Fig. 9. Comparison between measured values for p2 and model values.

esistance. By combining (8) and (9) you get

T = K2
Tṁout (19)

he factor KT depends on the throttle opening area AT, which
an be changed by varying the control voltage VT of the throttle.
he throttle resistance in (19) depends on the mass flow ṁout

hrough the throttle and the control voltage VT. In the model
he value for the throttle resistance RT is derived from a char-
cteristic map RT = f (ṁout, VT), which can be seen in Ref.
13].

. Nonlinear model-based control

The main control objectives are obtaining high overall effi-
iency and avoiding starvation. As for the air supply system of
he fuel cell, the multivariable control involves set-point con-
rol of the cathode pressure pC = p2 and set-point control of
he oxygen excess ratio λO2 . Accordingly, the control outputs
re chosen as y1 = p2 and y2 = λO2 . The subsystem offers two
eans that have an effect on the pressure and the excess ratio: the
FC at the inlet and the outlet throttle. Thus, the control inputs

re the desired mass flow ṁMFC,d and the flow resistance RT of

he throttle, which refers to the cross sectional area (cf. (14))
nd the control voltage, respectively. Here, the integrated MFC
epresents a fast underlying control loop. The state variables of

able 1
dentified parameters

arameter Value

0.495 s

1 2.17 × 10−9 m s2

2 4.46 × 10−8 m s2

3 1.25 × 10−9 m s2

lam1 6.94 × 106 (m s)−1

lam2 1.53 × 107 (m s)−1

lam3 1.43 × 106 (m s)−1

turb1 47,940 (m kg)−0.5

turb2 54,901 (m kg)−0.5

turb3 44,651 (m kg)−0.5

t
d
b

v

a
t
f

u

w
s

Fig. 10. Structure of the flatness-based control.

he system are given by the pressures at the capacities:

=
[

ṁMFC,d

RT

]
, x =

⎡
⎢⎣

p1

p2

p3

⎤
⎥⎦ , ỹ =

[
p2

λO2

]
. (20)

s the system is nonlinear, flatness-based control techniques are
nvisaged.

.1. Principles of flatness-based control

Differential flatness is a geometrically motivated concept for
nalysis and synthesis of nonlinear systems. According to Ref.
8], nonlinear flat systems are equivalent, in a more general way,
o linear controllable systems (Fig. 10).

A system is denoted flat if an output vector y = [y1, . . . , yp]T

xists that fulfills the following conditions:

(i) The output variables yi can be stated as functions of the
state variables xi, the input variables ui and afinite number
of their time derivatives

y = Φ(x, u, u̇, . . . , u(α)). (21)

(ii) All state variables xi and all inputs ui can be stated as
functions of the output variables yi and a finite number of
their time derivatives

x = Ψ1(y, ẏ, . . . , y(β)), (22)

u = Ψ2(y, ẏ, . . . , y(β+1)). (23)

iii) The dimension of the input vector is equal to the dimension
of the output vector

dimu = dimy. (24)

If the output variables of interest can be proven flat outputs,
rajectory tracking control design becomes straight-forward. The
ynamics of the resulting linear error dynamics can be specified
y introducing a new stabilising input

i = y
(β+1)
i,d + kβ(yβ

i,d − y
β
i ) + · · · + k0(yi,d − yi) (25)
nd replacing the highest derivative of yi in the expression of
he control input with vi according to (25). This results in the
ollowing inverse dynamics

= Ψ2(y, ẏ, . . . , yβ, v), (26)

here the control inputs are calculated depending on the mea-
ured and desired outputs.
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excess ratio of oxygen λO2 and the cathode pressure p2, are
depicted in Figs. 13 and 14, respectively.

During steady-state, both excess ratio of oxygen λO2 and the
cathode pressure p2 match their desired values. At the rising
20 M.A. Danzer et al. / Journal of

.2. Application to the system

For the proof of flatness the system description from Section
.6 is examined. Unfortunately, the proof of the flat output can-
idate ỹ according to (20) fails. Instead, it can be shown that
= [y1 y2]T = [p1 uH2 ]T represents a flat output. The desired

alue p1,d for the inlet pressure can be derived from the steady-
tate values of the desired value p2,d for the cathode pressure,
he actual mass flow ṁ1 and the flow resistance RI

1,d = p2,d + RI ṁ1. (27)

he actual values of the turbulent resistances are calculated by
sing the steady-state values of the according pressure differ-
nces. The relative degree of the first input y1 is three, whereas
or the second input y2 the relative degree becomes one.

According to (25) and (26), the new stabilising input

=
[ ···

y1

ẏ2

]
=

[ ···
y1,d + k12 ë1 + k11 ė1 + k10 e1

ẏ2,d + k20 e2

]
(28)

s introduced and inserted into the inverse dynamics

=
[

ṁMFC,d

RT

]
=

[
Ψ21(y1, ẏ1, ÿ1, v1, y2, v2)

Ψ22(y1, y2, v2)

]
. (29)

hus, the linear tracking error dynamics

···
e1 + k12 ë1 + k11 ė1 + k10 e1 = 0

ė2 + k20 e2 = 0,
(30)

ith ei = yi,d − yi can be specified by the coefficients k12, k11,
10 and k20.

. Cathode pressure observation

The aim of the feedback control is to maintain a constant cath-
de pressure. However, the pressure p2 at the electrode inside
he fuel cell stack is a state variable that cannot be measured
irectly. The only measurable state variable is the pressure p3 at
he outlet throttle. Since the turbulent flow resistances increase
ith raising pressure, it is not advisable to control the output
ressure p3 instead of the cathode pressure p2. Especially at
igh mass flows both pressures differ significantly (cf. Fig. 16).
n alternative is to estimate the cathode pressure dynamically.
The fuel cell current is measured and therefore, the actual

tilisation follows from Faraday’s Law (1). The actual value of
he inlet mass flow ṁ1 is available from the MFC. The actual
ow resistance RT of the throttle is known as well. Under these
reconditions the pressure p2 at the electrode can be estimated
y a tracking observer.

For the observer design the input u, the measured output ym
nd the states x are chosen as follows

T
= ṁ1, x = [p1, p2, p3] , ym = p3 (31)

nd lead to the corresponding nonlinear state space description

˙ = f (x, u), (32)
Fig. 11. Structure of the nonlinear tracking observer.

= h(x) = x3. (33)

onsequently, the flatness-based feedback control (29) can be
ealised with the estimated state vector x̂ provided by a nonlinear
racking observer

˙̂ = f (x̂, û) + l(t) (ym − h(x̂)), (34)

ith time-varying observer-gain l(t) [8] (Fig. 11).
The derivation of the observer-gain is discussed in detail in

ef. [3]. For the air supply system the time-varying observer-
ain results in

(t) = [l1(t), l2(t), l3(t)]T, (35)

here all components depend on the pressure dependent tur-
ulent resistances and the third gain additionally on the actual
hrottle resistance RT.

. Simulation results

In the following, the effectiveness of the proposed nonlinear
ultivariable control combined with the observer is investigated

y simulations, where the fuel cell current acts as disturbance on
he fuel cell system. The current variation is given by a sequence
onsisting of a steep increase from 0.1 A cm−2to 0.4 A cm−2,
subsequent constant level of 0.4 A cm−2, and a steep decline

o 0.1 A cm−2 as shown in Fig. 12.
The resulting time response of the control outputs, i.e., the
Fig. 12. Fuel cell current.
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Fig. 15. Observer error of the cathode pressure.
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ig. 13. Excess ratio of oxygen λO2 using observer-based multivariable control.

dge, the excess ratio reaches a minimum of 1.9 and a maxi-
um of 4.6 at the falling edge. Since the excess ratio never falls

elow 1, the fuel cell is never in danger of starvation. Due to the
ncrease in current it is expected that the pressure level at the
athode decreases. But as can be seen in Fig. 14, p2 increases
lightly from 5 × 104 to 5.15 × 104 Pa. This has to be seen
n the context that p1 is controlled with the input variables in
29). Due to diffusion effects through the gas diffusion layer the
ccurring pressure increase in the cathode is advantageous at
ising currents.

The observed values of the cathode pressure p̂2 follow
he simulated values with high accuracy. The corresponding
bserver error eo,p2 = p̂2 − p2 of the anode pressure is depicted
n Fig. 15.

To emphasise the effectiveness of the proposed flatness-based
ontrol extended with the nonlinear tracking observer, a com-
arison with the commonly used combination of feedforward
ontrol of the mass flow ṁMFC and PI-control of the outlet pres-
ure pout at the outlet throttle has been performed. Here, the same
urrent trajectory as depicted in Fig. 12 has been employed.
Since the outlet pressure pout is controlled instead of p2, the
athode pressure is subject to steady-state error, especially at
igh current densities (cf. Fig. 16). At the first load change the
athode pressure drops and at the second load change to lower

ig. 14. Cathode pressure p2 using observer-based multivariable control.

v
F
t

F
c

ig. 16. Cathode pressure p2 with the commonly used PI-control of the outlet
ressure pout.

urrent values a peak pressure is observed inside the fuel cell
tack.

The feedforward controlled excess ratio of oxygen reaches

alues close to 1 at the rising edge of the current trajectory (cf.
ig. 17). For this period, the fuel cell runs the risk of starva-

ion.

ig. 17. Excess ratio of oxygen λO2 with the commonly used feedforward
ontrol of the mass flow.
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. Conclusion and outlook

As basis for both control and observer design, a dynamic
odel of the air supply subsystem at the cathode side of the fuel

ell is derived. The control objectives in terms of obtaining high
verall efficiency and avoiding starvation are achieved by mul-
ivariable control of both cathode pressure and excess ratio of
xygen. With the designed control structure the fuel cell system
an be operated dynamically at lower excess ratios of oxy-
en without running the risk of starvation. The non-measurable
node pressure is estimated by a nonlinear tracking observer.
he dynamic pressure observer allows for detecting pressure
rops and peak pressures in the cathode volume and, thereby,
educes the danger of starvation and overpressure, respectively.

The effectiveness of the control system is shown by com-
aring the simulation results of the proposed nonlinear control
tructure with the results of a usually used feedforward control of
he mass flow combined with a PI-control of the outlet pressure.
t this, the same current trajectory is employed.
Future work envisages a system where the MFC is replaced

y a compressor. In the model the dynamics of the MFC is
ubstituted by a model of the compressor dynamics. Finally,
n air supply system is obtained with two voltages as control
ariables, one for the compressor and the second for the outlet
hrottle. To realise the same multivariable control and observer
esign as discussed above two pressure sensors are sufficient:
ne at the outlet of the compressor to determine the mass flow
nto the system and the second, as hitherto, at the outlet throttle.

To further minimise the danger of starvation the developed
ontrol system can be extended by a load governor [11]. Thereby,

he current drawn from the fuel cell can be constricted depending
n the observed pressure at the electrodes, so that the constraint
n the oxygen partial pressure inside the cathode is strictly
nforced.

[
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