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Abstract

This paper describes the modeling of a fuel cell system, a model-based development of corresponding au-
tomation strategies, and an experimental evaluation of the model and automation on a scaled system test rig.
The developed system model includes the fuel cell stack and associated peripheral components such as air
blowers and valves. The focus of the modeling is laid on transient effects and, in particular, the influences of
stack temperature, partial pressures and humidities of the reaction gases on the voltage characteristics of the
stacks. The automation strategy developed in the subsequent step includes control of hydrogen pressure, air
ratio and coolant temperature using Pl controllers. The automation strategy also includes a superordinate state
machine for controlling and monitoring the entire system. The automation strategy is evaluated experimentally
on two stacks which are electrically interconnected in parallel. The challenge of an unequal current distribution
between fuel cell stacks due to different stack performances is also addressed. In order to be able to react to
larger load changes and to failure cases, the switching on and off of an entire stack during operation is also
investigated and evaluated for the parallel interconnection.
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1. INTRODUCTION

The aviation industry is seeking to drastically reduce
its emissions. Especially the engine manufacturers
want to provide alternative, emission-free propul-
sion systems. Research institutes and industry
are collaborating closely to investigate different
more environmentally friendly propulsion concepts.
In this context, electric propulsion systems have
gained great attention. However, energy storage
systems for electric energy must be considered
wisely with respect to properties such as energy
capacity or weight. One promising energy storage
for electric propulsion is given by hydrogen. The
chemical energy of hydrogen can be converted on
board to electric energy using fuel cells. The electric
energy in turn can be used to power an electric motor.

Compared to other mobile fuel cell applications, e.g.
automotive, the power demand of passenger aircraft
is much higher (> 1 MW [1]). However, fuel cell stacks
cannot be built to any size due to structural and other
reasons [2]. Consequently, the total power demand
must be divided into several fuel cell stacks. These
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stacks must then be electrically interconnected to
provide the full required electric power. Both serial
and parallel interconnection of stacks can be consid-
ered. However, the serial interconnection leads to
high voltages which bring the risk of static discharge
[3]. Parallel interconnection of fuel cell stacks, on the
other hand, may be a promising approach to enable
a large electric power supply.

In order to investigate parallel interconnection of
fuel cell stacks, a scaled system test rig is built
including necessary peripheral system components
such as valves, air blowers and heat exchangers. A
schematic of the investigated fuel cell system is de-
picted in Figure 1. The shown system is doubled and
the two stacks are interconnected electrically. The
investigation further requires a suitable automation
strategy including control of the peripheral system
components to set the operating conditions of the
stacks. The automation strategy and controls are
developed based on a physical system model which
represents the above-mentioned test rig.
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FIG 1. Schematic of the investigated fuel cell system

The presented work has the following structure. A
general discussion of serial and parallel stack inter-
connection and its individual advantages and disad-
vantages is given in section 2. Following, the test rig
used to investigate the stack interconnection is de-
scribed in more detail in section 3. The physical sys-
tem model representing the test rig is described sub-
sequently in section 4 and the developed automation
strategy is outlined in section 5. At last, the automa-
tion strategy is transferred to the test rig. In section 6
experimental data will first be used to validate parts of
the system model before eventually the results of the
stack interconnection will be discussed in detail.

2. ELECTRICAL INTERCONNECTION OF FUEL
CELL STACKS

A PEM fuel cell stack is limited in size both in terms
of structure and with regard to the desired uniform
distribution of operating conditions within the stack.
For example, large bipolar plates can lead to a more
uneven distribution of operating conditions. Large cell
numbers, on the other hand, can lead to problems
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when compressing the stack and long distribution
channels along the stack lead to large pressure
drops. [2]

To increase the performance of a fuel cell system
and thus provide high electric power, multiple fuel
cell stacks can be electrically interconnected. For
the interconnection of several stacks to a fuel cell
module, parallel and series connection are possible
and will be described below.

Serial interconnection

The serial connection is the simpler way to connect
several fuel cell stacks to achieve a desired power
level. The basic behavior of fuel cell stacks con-
nected in series is similar to the operation of single
stacks. The current through the fuel cell stacks is the
same, while the voltages of the stacks add up. For
two stacks, this results in a total voltage Ulotal, serial
that is theoretically twice as high as in the parallel
connection (cf. Equation 1) while the current remains
the same (cf. Equation 2). Such high voltages at low
currents lead to lower heat generation in the electrical
conductors. However, high DC voltages also bring
the risk of damaging static discharge [3]. Further-
more, a lot of electrical components in aviation are
built according to the MIL-STD-704F [4] standard
of 270V DC, so higher voltages may be unpractical
when considering the overall system architecture.
The basic structure of the serial interconnection is
shown in Figure 2a).

(1) Utotal, serial — U stacky + Ustack2 + U, stack,,

(2) Itotal, serial — Istackl = Istack2 = Istackn

— 1
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FIG 2. Schematic of the a) serial and b) parallel inter-
connection of fuel cell stacks

Parallel interconnection

Another way to achieve a desired power level is to
connect several fuel cell stacks in parallel as shown in
Figure 2b). In contrast to the series connection, within
a parallel connection the currents add up according to
Equation 3, while the voltage provided by the stacks
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is identical (cf. Equation 4).
(3) Itotal, parallel = Istackl + Istackg + Istackn

(4) Utotal, parallel = Ustack1 = Ustack2 = Ustackn

The challenge with the electrical interconnection of
several fuel cell stacks in parallel is the fact that
each fuel cell stack can have different performance
characteristics due to different operating conditions,
manufacturing tolerances or degradation effects.
When looking at the polarization curves in Figure 3,
it becomes clear that the stacks, in case of different
power behaviors, deliver different currents at the
same voltage. This can lead to significantly different
operating points. It can happen that one of the stacks
supplies the maximum permissible current much
earlier than the other stack, which on the one hand
causes high heat generation and on the other hand
may lead to irreversible degradation of the stack. To
avoid this, monitoring of the individual parameters
of each fuel cell stack is necessary. Furthermore,
the difference in current between the two stacks at
the same voltage can cause a reverse current into
one of the stacks. To avoid such a reverse current, a
Schottky diode should be installed behind each stack
in such configurations.

Precise control of the peripheral system components
might be a suitable measure to create nearly equal
operating conditions for all stacks, enabling parallel
interconnection. Hence, the goal of the presented
work is to develop such automation strategies, as de-
scribed in detail in section 5.
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FIG 3. Theoretical polarization curves of two stacks
with different performances. The current divides
unequally.

3. FUEL CELL SYSTEM TEST RIG

Since a fuel cell system in the power class of an
aircraft engine is very complex and expensive, a
scaled system is considered in this work. This allows
for quick and cost-effective experimental studies. The
fuel cell system test rig contains the most important
components that can be found in a more powerful
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system and is therefore suitable to validate the au-
tomation approaches developed for parallel stack
operation. The test rig is made up of two individual
systems, each of which contains the components
shown in Figure 1. The peripheral components are
completely independent for both systems, so that the
fuel cell systems are only connected to each other via
the electrical connection of the stacks. The peripheral
components, such as the compressor and the valves
are controlled for both systems individually according
to the control approaches described in section 5.

The peripherals can be categorized into three subsys-
tems. The hydrogen subsystem, the air subsystem
and the coolant subsystem. In the hydrogen subsys-
tem, the hydrogen is supplied via a pressurized tank
with a reduced pressure of about 4 bar at the test rig
inlet. This is then regulated to a constant pressure
via a pressure control valve at the anode inlet. A fur-
ther valve is installed at the anode outlet, which can
be opened for short periods at regular intervals to re-
move residual gases and product water from the flow
field channels. In the air subsystem, atmospheric air
is supplied to the fuel cell stack on the cathode side
via a compressor in order to provide the oxygen re-
quired for the reaction. The operating temperature of
the fuel cell stack is adjusted via the coolant subsys-
tem. This consists of a coolant pump and a heat ex-
changer, which has two axial fans.

4. MODELING OF A FUEL CELL SYSTEM

A physical model of the fuel cell system is developed
as a basis for further investigations as well as for the
control design. Therefore, a special focus is laid on
the modeling of the transient system behavior. The
model shall hence be able to describe

1) the gas dynamics in the system,

2) thermal effects and

3) the humidities of the reactant gases.

A physical network modeling approach, provided
by Matlab Simscape [5], is chosen to meet these
requirements. Thereby, each system component is
described via physical or semi-empirical algebraic
or differential equations. The interconnection of
the individual components leads to a differential-
algebraic system of equations (DAE) which is solved
numerically. The most important equations used to
model the fuel cell system components comprise
mainly algebraic equations and will be described
below. Differential equations describing pressure,
temperature and humdidity dynamics are already
implemented in the according Matlab Simscape
standard components (cf. e.g. [6]).

4.1. Modeling of the fuel cell stack

The fuel cell stack model comprises a fluid model de-
scribing the mass flow and pressure losses within the
hydrogen and air flow fields, a voltage model which
describes the fuel cell stack voltage as a function of
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the current demand and a thermal model describing
the distribution of reaction heat within the stack. Mod-
els similar to the one developped here can be found
in [7], [8], [9] or [10]. A schematic of the fuel cell stack
model is shown in the appendix in Figure 13.

Fluid model

The fuel cell stack’s fluid model consists of constant
volume chambers representing the hydrogen and air
flow field volumes, respectively, and pressure loss el-
ements, one before and one after the volume cham-
bers, as depicted exemplarily for the cathode in Fig-
ure 4. Laminar flow is assumed for both reactant
gases. The differential pressure loss Ap is described
according to [11]:

STuLV
(5) Ap=—5

where p is the dynamic viscosity, L is the character-
istic length of the flow field, V is the volumetric flow
rate and A, as an approximation, is the sum of the
cross-sectional areas of the flow field channels. The
characteristic length L is calculated from a reference
volumetric flow rate and the associated pressure loss.

The fluid model further accounts for reactant gas con-
sumption and water production. Consumption and re-
action rates are described as a function of the current
demand in Equations 6 to 9 [7], [12]. The gas rates
are added or subtracted from the gas mixtures in the
respective volume chambers (cf. Figure 13).

oxygen Iwater

i cathode
s e I S =
; - volume - ;
i laminar flow laminar flow :
resistance resistance

FIG 4. Schematic of the cathode fluid model consisting
of a constant volume and two laminar flow resis-

tances
) N Istack
(6) MMH,, consumed = MHZ : %}ac
) N Istack
(7) ™MQ,, consumed = MOZ : 4sFtac
) N stack
(8) Majr = Majr - ﬁ )
) N Istack
(9) TH,0, produced = MHQO : ﬁmc

Voltage model

The reversible voltage of a fuel cell without losses is
described as the Nernst voltage [13]. In order to de-
termine the actual cell voltage, different types of volt-
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age losses must be subtracted from this theoretical
voltage. The losses can be divided into activation
losses, ohmic losses and transport losses. The cell
voltage can hence be described as [13]

(1 0) Ucell =F - AUvact - AUvohm - Athrams-
The Nernst equation can be written as [7], [14]:

ple 2 p e

E= EO_B(TfC_Tref)"_
Eo=1,229V,

B=0,85-10"V/K,
Tref = 298, 15 K,
Prer = 1,01325 - 10° Pa.

Rch
2F

where

Ey is the potential at reference conditions 7. and
prefs Tt 1S the operating temperature of the fuel cell,
R is the universal gas constant, F' is the Faraday
constant and py, and po, are the partial pressures of
hydrogen and oxygen, respectively.

The activation losses are due to the slowness of the
electrochemical reaction, mainly at the cathode side,
[14] and can be described according to Larminie et al.

[13]:
AUqet = E In (Z> ;

(12) 2aF  \Uig

where « is the charge transfer coefficient, i is the
current density and iy is the exchange current den-
sity. The exchange current density in turn depends on
the partial pressure of the reaction gas (here oxygen)
po, and the operating temperature 7', as described by
Barbir [15]:

Y
E T
1 ;o — gref Po., e 1—
o) =i <proe§ |~ 1" 7,

with the pressure coefficient v and the activation en-
ergy for oxygen reduction on the Platinum catalyst E..
The ohmic losses can be described as [7]:

(1 4) AU’ohm = Z‘]:iohm, total.

It comprises both membrane resistance and resis-
tance due to the electron transfer through the rest of
the cell. However, the electron transfer resistance
can be neglected as it is much smaller than the mem-
brane resistance [16]. The membrane resistance can
be described as [7]:

dm
Rohm, m —
Om

(15)

where d,, is the membrane thickness and oy, is the
membrane conductivity. Springer et al. [17] described
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the conductivity of a Nafion 117" membrane as a
function of the operating temperature:

1 1
(16) Om = 030 €Xp |:1268K <303}< - Tcell):|

030 IS the membrane conductivity at a temperature of
30°C and is a function of the membrane water con-
tent A,. For A\, > 1 holds [17], [7]:

1
17 = 0,005139 - Am — 0,00326
( ) 030 ) Q-cm

For calculation of the membrane water content A,
and water transport through the membrane, please

refer to references [7], [17], [18] and [19].

The transport losses are a consequence of the con-
sumption of hydrogen and oxygen which leads to a
decline in their partial pressures [13]. According to
Larminie et al. [13], an empirical approach to describe
the transport loss is given by

(18) A[]Trams = mexp(m)

where the parameters m and n must be well-chosen
to provide a good fit.

At last, another small voltage loss occurs due to small
amounts of electrons and non-reacted hydrogen
molecules passing through the membrane [13]. This
effect can be described as an internal leakage current
in. As described by [9], ¢, is added to the external
current demand, so that

. Igem
1 =

(1 9) Acell

+ in,
causing a small shift of the polarization curve towards
smaller currents.

Thermal model

According to Macedo-Valencia et al. [20] three differ-
ent mechanisms contribute to the heat production of
a fuel cell stack:

1) chemical reactions,

2) ohmic losses and

3) condensation of water vapor.

Assuming that all reaction water is vaporous, the heat
produced due to the chemical reactions and ohmic
losses can be determined as follows [12]:

(20) Qreact., ohm — NI(1~25 V- Ucell)

where N is the number of cells connected in series
and [ is the electric current. If the entire chemical
energy content of hydrogen was converted into elec-
tric energy, the ideal output voltage would be 1.25V.
Hence, the difference between the ideal output volt-

"In the experiments described in this publication, no Nafion 117
membrane is used. Due to a lack of available data, however, the
model by Springer et al. [17] is used here.
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age and the actual output voltage is proportional to
the amount of waste heat.

In the event that water condenses within the flow
fields, condensation heat is produced which is
calculated as follows [6]:

(21) Qcond. = mcond. . AhHgO, evap.(T)-

The produced heat is transferred from the fuel cell
stack to the cooling fluid, the reaction gases and the
environment. The amount of heat transferred to the
individual fluids depends on the respective heat trans-
fer surface A, heat transfer coefficient £ and temper-
ature difference AT [21]:

(22) Q = kAAT.

4.2. Modeling of peripheral system components

Besides the fuel cell stacks, the investigated system
comprises peripheral components including an air
blower, valves, a cooling pump and a heat exchanger.
The cooling components will not be discussed here.
The hydrogen and air subsystem component models
will be described in the following.

Air blower

The air blower which provides the air mass flow on
the cathode side of the fuel cell stack is modeled via
a two-dimensional lookup-table. The lookup-table is
based on the blower map which is parameterized by
a pressure difference vector, a control voltage vector
and a volumetric flow rate matrix. The volumetric flow
rate is the linearly interpolated according to the actual
pressure difference and control voltage.

Pressure control valves

Different modeling approaches were chosen to model
different types of valves. The approach chosen to
model the most relevant valve, i.e. the hydrogen
pressure control valve, is described in the following.

The hydrogen pressure control valve at the stack inlet
is modeled via a volumetric flow rate source. The flow
rate is determined via a two-dimensional lookup-table.
The lookup-table is defined via a vector of the pres-
sure difference over the valve, a vector of the control
current and a volumetric flow rate matrix. Flow rates
between the defined entries of the pressure difference
and control current vectors are linearly interpolated.
The pressure difference is measured across the vol-
umetric flow rate source (cf. Figure 5). The control
current is given externally by the pressure controller.
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FIG 5. Schematic of the hydrogen pressure control
valve model

4.2.1. Approximation of system dynamics

In order to investigate the transient physical system
behaviour as well as for the control design (cf. sec-
tion 5) the model must account for system dynam-
ics. According to Lunze [22] the dynamics of a system
with an aperiodically settling transfer function can be
approximated by a PT1-Glied. The according transfer
function is [22]:

t

F(t) = ks (1 - e*:)

where k, ist the static gain and 7 is the time until
f(t) = 0,63. This approach is chosen to model the
dynamics of the air blower, valves, the activation volt-
age losses and the membrane humidification. The
time constants of the activation voltage loss and of the
membrane hydration are determined via a parameter
estimation (cf. subsection 6.1). All other time con-
stants of system components are either taken from
data sheets or estimated manually. The dynamics of
the gases are already accounted for within the Sim-
scape modeling language.

(23)

5. AUTOMATION OF THE FUEL CELL SYSTEM

Three requirement areas will be covered by the au-
tomation. These include the control of the periph-
eral components, the monitoring of the operating lim-
its and the automated operation of the system. To
meet these requirements, on the one hand a super-
ordinate state chart is developed which takes over
the tasks of monitoring and automated operation. On
the other hand, component controllers are developed,
which are used to provide the required operating con-
ditions during the entire operating range. The simpli-
fied automation scheme is shown in Figure 6.

5.1. Component control

In order to operate a fuel cell system, it is necessary
to provide the required stack operating conditions via
the peripheral system components such as pressure
valves or compressors as shown in Figure 1. Thus,
on the one hand, the provision of a quantity of hydro-
gen and oxygen required for the reaction and, on the
other hand, the setting of an operating temperature
are necessary. The control approaches of the periph-
eral components are described below.
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FIG 6. Schematic of the automation architecture of the
fuel cell system

Hydrogen pressure control

On the anode side of the fuel cell stack, control of
the hydrogen pressure is necessary to maintain a
constant hydrogen pressure over the entire operating
range. In this way, the hydrogen required for the re-
action is provided and hydrogen starvation is avoided
at all times. To realize this, the pressure is controlled
to a constant value via the proportional valve at the
anode inlet using a Pl controller. For the model-
based controller design, the fuel cell system model
is reduced to the components which are relevant for
the respective control. The reduced system model
used for the design of the hydrogen pressure control
is mainly represented by the proportional valve and
the anode line within the fuel cell stack. The system
under consideration is then linearized. The control
parameters are determined via the linearized system
within the Simulink Control System Toolbox. Due to a
dead time influence in the control, there is currently
an oscillation behavior in the hydrogen pressure,
which represents a compromise between the control
speed and stability of the control. As a result, the
hydrogen pressure can only be kept within a band of
+15%.

Air mass flow control

The air mass flow control is used to provide atmo-
spheric oxygen required for the reaction at the cath-
ode side. The amount of air required is calculated
for a defined air ratio A\ using Faraday’s law according
to Equation 8. The air mass flow is controlled by a
PI controller and supplied by a radial blower. For the
control design, analogously to the hydrogen pressure
control, the relevant part of the fuel cell system model
is considered, which in this case mainly consists of
the air blower and the cathode path within the fuel cell
stack. The considered path is linearized at an oper-
ating point and the controller is designed using the
Simulink Control Systems Toolbox.

Temperature control

The operating temperature also has a major influence
on the performance and lifetime of the fuel cell stack.
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The aim of the operating temperature control is there-
fore to generate a constant operating temperature
which can be specified externally. The coolant mass
flow is not variable in the present fuel cell system.
Hence, the operating temperature ist controlled
mainly via axial fans located on the heat exchanger.
Analogously to the control designs described above,
the temperature control is also implemented via
a PI controller. The P and | parameters are also
determined here via the linearized system.

5.2. State chart

The state chart monitors the operating limits, controls
the operation itself, and runs defined procedures for
switching the system on and off. These are described
in detail below.

Monitoring

Within the system monitoring, the operating limits of
critical system variables are constantly monitored. In
case of exceeding or falling below a respective limit,
the system is shut down to avoid possible damages
as well as safety-critical conditions.

Start and stop procedures

Each time the fuel cell system is restarted, a start
up procedure is completed to ensure that the system
starts up safely. Within this start up procedure the
peripheral system components are started in a spe-
cific sequence so that the required operating condi-
tions are set. The start up procedure of the hydrogen
supply contains a leakage check of the hydrogen path
during which a defined pressure drop must not be ex-
ceeded in order for the system to continue to start up.

Operating modes

On the one hand, there is a manual operating mode
which makes it possible to set operating points in
the form of current levels and to operate the system
as desired. On the other hand, there is an auto-
mated operating mode with a defined load profile,
which makes it possible to compare the stack per-
formance at different operating conditions or when
implementing different control strategies. Parallel to
both operating modes, the respective peripheral com-
ponents are controlled via the control approaches
described in subsection 5.1.

5.3. Operation of electrically interconnected
stacks in parallel

For parallel operation of the fuel cell stacks, the au-
tomation modules and controls are adopted and run
in parallel for both stacks. In addition to the operating
modes already described, the option of shutting down
one of the stacks during manual operation is to be
implemented. For parallel operation, both stacks are
supplied with the necessary amount of air according
to their individual current. Thus, for the theoretical
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case where both fuel cell stacks supply the same
current at the same voltage, the range of total current
available would double. However, to prevent one
of the stacks from exceeding the maximum current
limit while the other stack is still operating within
the allowed range, the individual stack currents are
monitored and limited.

In order to be able to adapt the fuel cell system to
different load requirements in parallel operation, it is
possible to switch individual fuel cell stacks off and on
again during operation. This way, the fuel cell stacks
can be operated at their optimum power range inde-
pendently of the load requirement. In this work, a pro-
cedure for shutting down and restarting individual fuel
cell stacks was developped. A schematic of the cho-
sen procedure is depicted in Figure 7. The amount of
air supplied to the stacks is based on the theoretically
required amount of air as a function of current and
the specified air ratio A (cf. Equation 8). To shut down
one of the stacks while the total current remains the
same, the air supply for the other stack is controlled to
the amount of air needed to deliver the total current.
As soon as the required air supply is reached, the air
supply of the other stack is switched off.

( 2\
Parallel operation

Mg, 51 = f(Is1)

L Mair, 52 = f(Is2) )
Shut down

command Stack 2

-

Adjusting air supply Stack 1 Adjusting air supply Stack 1

\ J J

Mair, 51 = f(ltot) l I Mair, sz = f(lsz)

( 3 N

Shut down air supply Stack 2 Start up air supply Stack 2

\ J J

Usz < Unin l I PH,, 52 = Phjy, set

s N N

Shut down hydrogen supply Stack 2 Start up hydrogen supply Stack 2

- J J

Start up

command Stack 2
( 2\
Single stack operation Stack 1

Mairs1 = f(ltor)

\_ Mairsz =0

FIG 7. Schematic of the shut down and start up proce-

dure of individual fuel cell stacks during opera-
tion

_J

6. RESULTS

In the first part of this chapter, unknown parameters
of the developped fuel cell stack model will be fit to
experimental data measured at the test rig described
in section 3. The outcome of the parameter estima-
tion will also serve as a validation of the stack model.
The second part of this chapter shows the parallel
operation of fuel cell stacks. The focus is laid on the
investigation of the developed shut off and shut on
procedure of individual stacks during operation.
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Please note that the control design and model im-
provement and validation did not happen sequentially
but rather in an iterative process. Since the controller
was needed at an early stage in order to record the
shown experimental data, the control design was
based on a previous version of the model.

6.1. Voltage model validation

The above described fuel cell system test rig is used
to validate different aspects of the fuel cell system
model described in section 4. This includes a valida-
tion of the stack voltage model as well as the cathode
flow resistance.

The stack voltage model is validated via comparison
of simulated and measured polarization curves at
different temperatures and air ratios. Additionally, the
voltage response to a load step input is compared
in order to evaluate the correctness of the system
dynamics.

As a first step, a parameter estimation is conducted
to obtain unknown model parameters. These in-
clude the charge transfer coefficient «, the reference
exchange current density i, the initial membrane
water content Ay, init the hydrogen crossover current
density i,, and the transport loss coefficients m and
n (cf. section 4) as well as the time constants of the
activation loss 75, and of the membrane hydration
7m- Nine different polarization curves at three tem-
peratures and three air ratios were measured at the
test rig. Five polarization curves are used for the
parameter estimation while the remaining four polar-
ization curves are used for validation of the estimated
parameters. Additionally, the voltage response to
three different load step inputs are measured. Two
sets of measured load step input data are used for
the parameter estimation while one set is used for
validation of the estimated parameters.

A nonlinear least squares optimization method was
used to minimize the voltage error. Time series of
the input current, the hydrogen and air volumetric
flow rates, the air inlet temperature, the hydrogen
inlet pressure and the stack temperature were also
recorded at the test rig and feeded to the model. The
stack temperature was approximated by the cooling
fluid's outlet temperature. The resulting measured
and simulated polarization curves are shown in Fig-
ures 8 and 9. Small oscillations in the voltage are
due to the compromise made regarding the hydrogen
pressure controller, as described in section 5.

Please note that the polarization curves were mea-
sured continuously at a constant load gradient and
are hence not fully stationary. Furthermore, the
polarization curves were measured starting from the
maximum current demand as it is difficult to maintain
the set operating temperature at low currents due to
low heat production. For the same reason, the given
temperatures could not be maintained throughout the
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.......... T ~ 40 °C (expt)
.......... T &~ 45 °C (expt)
.......... T ~ 55 °C (expt)
—T ~ 40 °C (sim)
—T = 45 °C (sim)
——T = 55 °C (sim)

voltage

current

FIG 8. Measured and simulated polarization curves at
different temperatures and \ =~ 2.8.

voltage

.......... A ~ 2.3 (expt)
.......... A ~ 2.8 (expt)
vvvvvvvvvv A ~ 3.2 (expt)
— )\ ~ 2.8 (sim)
——\ ~ 3.2 (sim)

current

FIG 9. Measured and simulated polarization curves at
different air ratios and T' =~ 45°C.

entire load range. Similarly, the given air ratios could
not be maintained throughout the entire load range.
At low currents, the air blower reaches its minimum
operating point and hence provides a larger air mass
flow than necessary. At high currents, on the other
hand, the air blower reaches its maximum operating
point, causing an undersupply of air.

For the parameter estimation, only the polarization
curves’ data points up to a certain current density
were taken into account, as the voltage partly shows
a significant drop at higher current densities (cf.
Figure 9, at A = 2.3). The most probable explanation
for the voltage drop is a flooding of the cathode with
condensation water due to a small air ratio. Since
electrode flooding is not taken into account by the
described model, this region is not used for the
parameter estimation.

The load step curves, which were also used for the
parameter estimation, are not shown here. Please
note that the model did not meet the load step curves
as well as the polarization curves shown above after
the parameter estimation. The model should hence
be improved further in the future.
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6.2. Fluid model validation

In the fluid model described in section 4, laminar flow
was assumed for both ractant gases. Thus, the dif-
ferential pressure loss was described by Equation 5.
This assumption was made as the data measured on
the fuel cell system test rig show an almost linear re-
lation between pressure drop and volumetric flow rate
of air (cf. Figure 10). This behavior suggests laminar
flow within the air flow field rather than turbulent flow,
as turbulent flow typically shows a quadratic correla-
tion between pressure drop and volumetric flow rate
[23]. In order to meet the measured pressure drop
even better, a paremeter estimation for the fluid model
shall be conducted in the future. Please note that this
validation was only made for the air (cathode) side of
the stack. Nevertheless, laminar flow is also assumed
on the hydrogen (anode) side here.

volumetric flow rate

100 150 200 250
Time (seconds)

a1
o

(a) Linearly increasing volumetric flow rate of air

——experimental
——simulated, laminar .
- - =simulated, turbulent

cathode

Ap

50 100 150 200 250
Time (s)

(b) Air pressure difference over the stack’s cathode Ap

FIG 10. Comparison of measured cathode pressure
drop with simulated laminar and turbulent pres-
suredrops at T =~ 55 °C and \ =~ 2.8.

6.3. Parallel operation of fuel cell stacks

In the electrical connection of two fuel cell stacks
in parallel, the current of both fuel cell stacks adds
up to the total current demanded. Figure 11 shows
the individual currents and temperatures after the
system is switched on from the rest state. Due to
performance differences between the fuel cell stacks,
there is initially a difference between the currents
supplied by the stacks, so that stack 1 provides a
larger current than stack 2. Since the reaction takes
place exothermically, there is a greater tempera-
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ture ascent in stack 1 and the reaction also leads
to better humidification of the membrane, so that
the performance improves further, while the temper-
ature of stack 1 barely changes due to the low current.

In order to realize a reasonable parallel operation
of the stacks, equal or at least similar operating
conditions are necessary. In the present work, the
fuel cell stacks were first operated individually until
a defined operating temperature was reached. Then
the system was operated in parallel.

——current stack 1 ——temperature stack 1
current stack 2 - - -temperature stack 2
——total current

1

|*

0.5

T(°C)

150 200
Time (s)

FIG 11. Initial start up with two stacks connected in par-
allel. Stack 1 provides the majority of the cur-
rent while stack 2 only provides a very low cur-
rent. I* = I/Iiina is the normalized current.

Figure 12a shows the total current and the individual
currents of the two stacks over time. Both stacks
were switched off and on again several times using
the developped automation strategy, while the total
current remained the same. It can be seen that,
compared to Figure 11, the current demand is now
much better distributed between the two stacks.
Nevertheless, stack 1 provides slightly more current
most of the time when both stacks are active.

The process of switching stack 1 off and on again is
shown in more detail in Figure 12b. When stack 1
is switched off, the air supply of stack 2 is adjusted
to the air requirement for the total current, before the
air supply of the stack to be switched off (stack 1) is
shut down. This shifts the current towards stack 2 so
that a new operating point is established on the sin-
gle stack characteristic. By switching off one of the
stacks at a constant total current demand, a new volt-
age is set (cf. Figure 12c). Due to the voltage drop
at the diodes, which are installed behind the stacks, a
diverging voltage occurs at the switched-off stack. In
order to maintain a constant output voltage, the total
current demand would also have to be adjusted ac-
cordingly when switching individual stacks on and off.
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FIG 12. Currents and voltages of the two stacks which
are alternately switched off and on again.

7. CONCLUSION

Within the presented work, an automation strategy
for parallel operation of fuel cell stacks is developped.
First, different interconnection types of fuel cell stacks
and the respective advantages and disadvantages
are discussed. For the experimental investigation of
the developped automation strategy, a scaled fuel cell
system test rig including two fuel cell stacks intercon-
nected in parallel is built up. The development of the
automation strategy itself is based on a system model
representing the test rig. This model is developed
using a physical network modeling approach. The
focus is laid on representing transient effects depend-
ing on operating conditions such as temperatures,
pressures and reactant gas humidities. Following, the
model is used for the design of Pl-controllers for all
controllable components. A superordinate state chart
runs predefined start up and shut down procedures,
enables the controllers and monitors critical system
states. The model and controllers were iteratively
improved using the fuel cell system test rig. The
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measured data is used for the fuel cell stack model
to undergo a parameter estimation using a nonlinear
least squares optimization method. The result also
serves as a model validation. Eventually, the start up
and shut down procedure during operation of individ-
ual stacks interconnected in parallel is demonstrated.

Within the scope of following research works, the
controllers can be further improved. Especially the
hydrogen pressure control loop still shows some
oscillations which shall be removed in order to realize
stationary conditions. Regarding further improve-
ments of the model, another parameter estimation
could be done for the stack’s fluid model as well as
for peripheral system components. Also, the valida-
tion can be extended to a wider range of operating
conditions. In terms of the parallel interconnection
of fuel cell stacks, further testing shall be conducted
including a load change when switching individual
stacks off and on again. One possible control target
is to keep the voltage of the stack remaining active
nearly constant. In this way, possible degradation
due to unnecessary load changes shall be minimized.
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FIG 13. Schematic of the fuel cell stack model including submodels and major interactions
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