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Abstract: This paper deals with an Optimal Iterative Learning Control approach for the
anode pressure during the periodic purge processes of a fuel cell system which is developed
to a Predictive Control Strategy under consideration of the correct purge volume. Due to
accumulation of diffused nitrogen and water condensate inside the anode volume the chemical
reaction is restrained. This adverse effect is avoided through the purge process, by which a short-
time opening of the exhaust valve forces the nitrogen and water out of the system. Unfortunately,
the opening leads to a pressure drop along the anode volume that causes a force to the membrane.
To avoid this mechanical stress the control aim is a constant anode pressure during the purge
process by supplying additional hydrogen. Therefore, first an Optimal Iterative Learning Control
approach is introduced. Due to an influence of the Optimal Iterative Learning Control on the
purge volume, a correction of the purge time interval is applied for a constant purge volume.
In the last step a Nonlinear Model Predictive Control approach is presented which allows a
correction of the purge volume during load changes as well.
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1. INTRODUCTION

A Polymer-Electrolyte-Membrane (PEM) fuel cell (FC) is
a highly efficient, nearly noiseless, and locally emission-
free device that converts chemical energy from hydrogen
and oxygen through a redox reaction into electrical energy.
Additionally, this reaction yields heat, water and oxygen
depleted air, by-products which can also be exploited de-
pending on the field of application. However, regardless of
the application, particular conditions of operation have to
be observed. For reliable working, requirements regarding
specific ranges for stack temperature, partial anode and
partial cathode pressure and excess ratio have to be met.

During operation diffused nitrogen and water condensate
accumulate along the active area inside the anode volume
and affect the chemical reaction negatively. This effect can
be avoided by a temporarily opening of the purge valve -
an exhaust valve on the anode site - which allows the anode
volume to be purged. The short-time opening of the purge
valve causes a pressure drop inside the anode volume and
in turn a high differential pressure between anode and
cathode volume that leads to mechanical stress on the
membrane. To prevent this pressure drop, a solution using
Iterative Learning Control (ILC) has been proposed in
Hähnel et al. (2016). In this publication the pressure drop
is avoided by supplying additional hydrogen to achieve a
constant pressure inside the anode volume each time the

purge valve opens. However, the ILC-based approach leads
to a higher amount of unused hydrogen that is released
to the environment and which exceeds the recommended
purge volume. Considering in this case the efficiency of the
FC system (FCS), the efficiency of the chemical reaction
and the amount of unused hydrogen which gets lost due
to the purge process are the point of interest.

To establish an optimal system efficiency the manufacturer
of the FC stack recommends a certain purge volume which
shall be released out of the anode system with every purge
process, see also Proton Motor Fuel Cell GmbH (March
2011). Thereby, the optimal time intervals between two
purge processes depend on the type of FC stack and its
actual operating point. The intervals are predetermined
by the manufacturer. In this paper it is shown, beginning
with an estimation of the purge volume, how a correction
of the purge volume can be realized under consideration of
the previously proposed anode pressure control using an
Optimal Iterative Learning Control (OILC). Experimental
results show the behavior of the purge volume using a
purge volume correction by adjusting the opening time
of the purge valve. The OILC in this case works with
information of the previous iteration, which depends on
the actual operating point. In this scenario it is assumed
that the stack current during each purge process does not
change.
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To realize a pressure control in combination with a purge
volume control even during load changes respectively
changes of the operating point at each time step, a Non-
linear Model Predictive Control (NMPC) approach is in-
troduced and simulation results for this application with
the two stated control aims are presented.

The system model is described in section 2. The implemen-
tation of the ILC respectively the OILC and the entire
control structure is shown in section 3. The NMPC is
described in section 4. The FC stack, which is used as
test device and the results are presented in section 5. The
last section gives suggestions for future work.

2. FUEL CELL SYSTEM AND MODELING

This section discusses the modeling of the FCS and its
peripheral devices. The bases of the control oriented model
are the physical interconnections between all components
with focus on pressure formations and transient mass
flows. Fig. 1 represents an overview of the FCS configu-
ration comprising devices of the anode and the cathode
site as well as of the cooling system.

anode

H2tank

recirculation pump

cathode

air tank
MFC

water
separators

compressor

cooling pump

purge
valve

exhaust
valve

heat
exchangers

MFC

FC stack

Fig. 1. Schematic of the FC system comprising compres-
sor, H2 and air storage tanks, mass flow controllers
(MFC), FC stack, heat exchangers, water separators,
recirculation pump, cooling pump, purge valve and
exhaust valve

Two MFCs adjust the gas supply of the anode (hydrogen)
and the cathode (air) site. At the end of the anode site
a purge valve controls the purge process. The anode site
is operated with an additional hydrogen pump inside a
recirculation loop. In this operation mode the whole anode
system is closed. Hydrogen which does not take part in
the chemical reaction leaves the stack and is cooled by
a heat exchanger and dehumidified by a water separator.
Afterwards the recycled hydrogen is brought up into the
supply system by the recirculation pump again. The re-
sults are higher mass flow rates inside the stack and higher
utilization of hydrogen in comparison to an operation with
an open exhaust valve. The whole system of the anode
site is modeled in three separate volumes Lee and Cho
(2009). A similar modeling approach for the cathode site is
proposed in Hähnel et al. (2015). The connections between
these volumes are modeled as apertures with nonlinear
flow behavior depending on the pressure difference ∆p.
The formulation for the transient mass flow rate is

WAprtr = ρH2 αA

√
∆p

ρH2
. (1)

The real geometrical opening surface of the aperture
is described by A, ρH2 is the specific density of hy-
drogen and α is the flow characteristic. Thereby, the
chemical reaction also influences the pressure forma-
tion. The amount of reacted hydrogen is calculated as
WAn,React = MH2 nCells IStack/(2F), where MH2 is the mo-
lar mass of hydrogen, nCells is the number of cells and F
is the Faraday constant. The mass flow which is released
during a purge process depends on the purge valve position
with a nonlinear characteristic represented by

KV

KVS
= Φ0 e

ln(1/Φ0)h = Φ1−h
0 (2)

where KV/KVS is the relative flow rate of the purge valve.
The maximum value (h=1) for the opening surface is KVS

whereas KV is the actual value which depends on the
actual purge valve position h. Each desired purge valve
position between a totally opened and a totally closed po-
sition could be realized quickly and exactly by a low level
position controller. The behavior of the control response
depends on the direction of the movement. The valve
closes faster than it opens. All position changes are done
with the specific maximum speed in each direction. The
theoretical mass flow with a closed valve (h=0) describes
the inaccuracy of fit. The emissive mass flow rate WPu

follows as

WPu = ρH2 αValve KV

√
p− pAmb

ρH2
(3)

where pAmb is the ambient pressure.

3. OPTIMAL ITERATIVE LEARNING CONTROL

An ILC can be applied on a system which executes the
same task multiple times with the aim to improve the
behavior from iteration to iteration. Therefore, the knowl-
edge of the previous control sequence uK and of the control
error eK = y

REF
− y

K
is essential. To determine the con-

trol sequence uK+1 of the next iteration the control law

uK+1(i) = Q
(
uK(i) + LeK(i+ λ)

)
, i ∈ {1 . . . N} (4)

applies, where matrix Q is a low pass filter and L repre-
sents the so called learning filter. The number of discrete-
time steps during an iteration K is represented by N . In
a real system the influence of the input on the output
variable is delayed. Therefore, a relative degree λ has to
be implemented.

In order to reduce the control error strictly monotonously
from iteration to iteration, the control problem changes
into a minimization problem and, hence, the ILC technique
used for this is called OILC. For the successful use of the
ILC three conditions have to be present. The reference
trajectory must be known,N has to be finite and the initial
conditions always have to be the same.
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