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Abstract— Polymer electrolyte membrane (PEM) fuel cells
are highly efficient energy converters and provide electrical
energy, cathode exhaust gas with low oxygen content and
water. On aircraft fuel cells have the potential of replacing the
auxiliary power unit (APU) that is currently used for electrical
power generation during ground operations. An APU is a
significant source of noise and greenhouse gases. PEM fuel
cells, however, can significantly reduce these pollutants.

In this study a PEM fuel cell system is investigated for
generation of oxygen depleted cathode exhaust air (ODA). This
gas is intended for inerting on aircraft and must have a low
oxygen concentration. A nonlinear simulation model
comprising the fuel cell stack, stack cooling system and cathode
exhaust gas dehumidifying system has been developed and a
reduced order model for controlling ODA-gas mass flow was
derived. An observer for state estimation combined with a
predictor to compensate for the large time delay occurring has
been designed. ODA mass flow is controlled for by a linear
state feedback controller. Simulation results performed at the
nonlinear simulation model in Matlab/Simulink® and
experimental results are shown.

I. INTRODUCTION

eneration of oxygen depleted cathode exhaust air

(ODA) for tank inerting on aircraft [1] is a central
aspect of the multifunctional use of a PEM fuel cell system.
For this application oxygen concentration in ODA-gas must
be close to or less than 10% (vol.) [2]. On aircraft auxiliary
power units (APU) provide electrical power during ground
operations. However, these APUs are significant sources of
greenhouse gases such as CO, and NOy as well as noise.
PEM fuel cells are very efficient energy converters and have
the potential of significantly reducing emission of these
pollutants. Among other types of fuel cells they are the most
suitable for dynamic applications and hence studied for
replacing APUs. PEM fuel cell systems have been studied
for electrical power supply of autonomous robots [3] or for
automotive applications [4, 5]. Operation of PEM fuel cell
systems for inerting has not yet been studied in detail.

Proper fuel cell system operation such as keeping the
polymer membrane well hydrated as well as proper supply
of fuel and air as oxygen carrier is a central aspect [6]. The
fuel cell system used in this study has an anode recirculation
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loop for an efficient use of hydrogen fuel and for gas as well
as membrane humidification. A water separator installed in
the recirculation loop prevents anode flooding, which is
more likely to occur than cathode flooding [7] as cathode gas
flow continuously removes cathode water. Fuel and air
supply as well as temperature gradient across the stack is
managed by an internal fuel cell system controller. The fuel
cell stack is connected to a controllable ohmic load that
draws a stack current as requested.

Figure 1 shows a schematic of the multifunctional fuel
cell system (MFFCS) with ODA gas conditioning in the
cathode exhaust gas line. Depending on stack temperature
product water partly evaporates and leaves the stack as water
vapor, whereas the remaining liquid leaves the cathode as
liquid water, which is mostly separated by the upstream
water separator (Sep. 1). In a condenser the vapor is cooled
and condenses into liquid water, which is separated in the
downstream water separator (Sep. 2). Oxygen excess ratio,
which is termed stoichiometry (stoic) as well as stack current
(Zswaer), stack and condenser cooling inlet temperatures
(Tstackin and Tpnain) are fuel cell system input parameters. The
fuel cell system model is based on the model reported of in
[8] and is augmented by two water separators, connecting
volumes and a stationary condenser model as in [9]. The
simulation model is briefly outlined in section II. fuel cell
system model. Control strategy with state-feedback
controller, observer and predictor is described in section III.
ODA mass flow control.
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Fig 1. Schematic of the fuel cell system comprising stack, up- and
downstream water separators (Sep.l, 2), condenser and connecting
volumes: inlet-, outlet- and exit manifold (im, om, em); Hydrogen is
recirculated and water is removed in an anode water separator; stack and
condenser are cooled by separate cooling systems

II. FUEL CELL SYSTEM MODEL

The fuel cell system model comprises the fuel cell stack, a
mass flow controller (MFC) for cathode feed air supply and
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an anode hydrogen recirculation. The MFC delivers an air
mass flow as specified by stoichiometry and stack current.
The internal controller operates the stack cooling pump to
set the reference temperature difference across the fuel cell
stack. Inlet air is modeled as a dry and ideal gas consisting
of 21% (vol.) oxygen and 79% (vol.) nitrogen. A list of the
model parameters is given in table 1 at the end of this paper.

A. Cathode and Anode Model

A lumped volume with homogeneous temperature is
assumed for the cathode, whose temperature is assumed to
be stack temperature. The model is derived from first
principles with mass conservation (1) for oxygen and
nitrogen [4, 8]. Gases are assumed ideal and their partial
pressures are determined by the ideal gas law (1).

dm T uci R
02 _ = stack” 202
=Wi02 =Wore =~Weaoa Por=Moz %
(1 a ) o
s gy — o Lk Ry
dt = Wim,N2 ca,N2 Pyr =My,

Condensation is assumed to occur instantaneously and
water is transported out of the cathode as vapor and liquid.
Water also diffuses through the membrane to the anode. The
membrane model is given in [4,8]. To prevent anode
flooding a water separator removes water from the hydrogen
gas flow in the anode recirculation loop, in which a
compressor recirculates hydrogen gas. As proposed by [5]
the anode model has been extended for anode water removal
(2) with separation efficiency 7. and the hydrogen
compressor maximum mass flow Wiciemar With myo.an
being the mass of water and my; ,, the mass of hydrogen in
the anode and membrane water flow W, (3).

m
H20.an
@ W pan = MsepaW e s
My20.am T My an
dm
H20,an
@) ey W,

Recirculation pump speed increases with stack current.
The higher the hydrogen mass flow in the recirculation line,
the more water is separated. An empirical approach (4) with
parameters k; and k, has been chosen to describe the
separation efficiency in terms of stack current.

@) Nepan = eXp(kl + kzlmn-k)

B. Stack Thermal Model

Fuel cell stack temperature 7y, is obtained by energy
conservation (5) with stack heat capacity Cy,. The energy
flows are given by chemical energy provided by hydrogen
(higher heating value of H, leading to a virtual cell voltage
of 1.48V), electrical energy delivered by the stack and
thermal energy flows of ODA-gas, liquid water, water vapor
and anode water separation mass flow W, Energy
conservation (5) is obtained using stack cooling inlet
temperature Tyue0, cooling mass flow W, feed air mass
flow W, from inlet manifold with temperature T7;,, ODA
mass flow Wca,oda and Wca,adacell: Wca,oda/ncells as the ODA
mass flow per cell, liquid W,,; and vapor mass flow W,
leaving the stack. The specific heat capacities are c.pos, Cairs

Codas C1» €y and hy being the enthalpy of evaporation of water.
The number of cells in the fuel cell stack is 72,

% = (1 A8y —U g )I stack T WeooiCooot (T

stackin — Tsmck )

stack
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sep,an’

C. Outlet- and Exit Manifold Model

Compared to [8] the fuel cell system model is extended by
an exit manifold model. The cathode exhaust gas cools down
in the outlet manifold. Outlet manifold temperature 7,,, is
lower than stack temperature, which is accounted for by a
constant temperature 10ss T, = Tk - Tomioss- AS compared
to [8] the water dynamics of the outlet and exit manifold are
approximated by a static behavior. This is reasonable as it is
not measurable how much liquid water resides in the
manifolds. ODA-gas still has a temperature of 50-70°C in
the outlet manifold. Simply neglecting the vapor or liquid
water mass flows would be inaccurate. However, as enough
liquid water is carried by the gas stream, a relative humidity
of 100% is assumed. So, the vapor pressure can be
considered saturation vapor pressure p,’* [8, 10]. Outlet
manifold vapor mass flow W,,, is determined by water
loading X,,,,. Vapor mass flow cannot exceed the vapor and
liquid inlet mass flow from cathode W,,, and W, This is
accounted for by taking the minimum of inlet and maximum
possible mass flow. The remainder is liquid water W,,,; (6).
Water loading is X, = P, /(Pom-py") *Roaa /R, With vapor
gas constant R, and the ODA gas constant R, being
approximated by air. A turbulent flow establishes at the
outlet manifold exit and is modeled as (7) with the flow
constant ¢,,,; and the pressure gradient of outlet manifold
Pom and condenser inlet pressure pyq.,,- Outlet manifold

pressure is obtained by pom =Py + Pom.oda-
(6) Wy = min(anWm,nmsW;a,u + Ww,/)
an,/ = Ww.v + Wm,/ - VVum,v
() W = o (Pon = Peoniin)
dm 1 T R
(®) L W yots = Woms Pomoda = Momoita —2
dt oot 14 x, Pom.od ey

The same applies for the turbulent flow W, in the exit
manifold. The flow is modeled according to (7) with flow
constant ¢, and pressure difference of exit manifold and
ambient (De, — Pamp)- Fluid flow into the exit manifold is
modeled as turbulent assuming that vapor mass flow is small
compared to ODA mass flow through the downstream
separator. So, ODA mass flow W20 into the exit
manifold is gained by (9) with constant c,,, and pressure
difference of condenser outlet peouy ou: a0 Py

Q) W 2,040 = Coepa \ (pwnd,om = Pem )

The ratio of water to dry ODA mass flow is termed ODA
water loading X,,, and has units of g/kg. It is gained as the
ratio of the sum of vapor W,,,, and liquid W,,,; mass flow to
dry ODA mass flow W,,, .4, in the exit manifold (10).
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(10) Xppy =Wy + W, W, 00 )% 1000

The humid ODA-gas mass flow is measured by a mass
flow meter installed at a distance after the condenser. Due to
the pipe length a significant transport delay 7 is introduced.
In order to measure water loading, ODA-gas is heated up
from T7,, to Ty, along the pipe such that remaining liquid
water carried evaporates. The pressure is p,, s, = Penm- A static
model with X,,;,=X,4, given in the following describes this
behavior. Value RH (11) is obtained by the ideal gas law.

(11) RH =(pm/inR\er/m) ( (T, m/m)( Roda + X R, ))

For RH <[ relative humidity measurement is @nam=RH,
vapor mass flow W, ,=Weu,tWey, and of liquid W, =0.
For RH>1 the mass flows are governed with @um=1,
and Wi 1=(Wemyt Wom,)-Wfin,v-

The mass flow meter is modeled to measure ODA-gas and
vapor mass flow with constant time delay 7} as follows (12).

(12) Wmm(t)zwem,oda(t T)"'Wmfmv( Td)

D. Water Separator Model

Up- and downstream cyclone water separators (Sep. 1, 2)
are modeled equivalently. Their pressure loss is low, such
that condensation or evaporation inside the separators can be
neglected. The separation efficiency #eparaior=100% 1is
assumed constant. Both are implemented as static models.
Equations for the separator are (13). A water mass flow of
Wiepup s removed by the upstream separator. Liquid and
vapor mass flows from the condenser outlet enter the
downstream separator, where W,,,p, is removed.

/4 W W =W

seply — omy and sep2.y cond v

(13) Wi = (1 = Nseparator ) Wi Wippas = (l N separator ) W eona s
174

seppn = M separator

vomfin

p\\‘W(Tm/m) Roia W
PP (T R 77 emioda

septp = Mseparator * Womy W eona

E. Voltage Model

Stack voltage Usuek = Beeis Ueey 18 the sum of all n, cell
voltages. Cell voltage is modeled as U= U,ep—1uer—TN2
(14) with the reversible cell voltage U,.,, activation loss 77,
[11] and ohmic loss 77, [12]. The membrane thickness is
given by d,, and the active surface area by A,.. Parameters
¢p,--.6y and by,...b; have been identified by a least square
error minimization using experimental data as shown in [8].

—298.15)+4.3-107°T,

stack

Pur 4 11y L2
stack (ln ) +7In ) )

Nt =61+ T uer + gs stack ln(p M) 15,08 .10 )* ST e ln(lxmck)
e

(14) U, =1.229-0.85-107(T,

4 303 Ty ) stack

No = n__e
Q
(b2, Agpe

F. Condenser Model

The condenser model is derived from a differential and
stationary model of a counter flow condenser as shown in
figure 2. The model is based on the effectiveness-NTU
method [13] with NTU being the number of transfer units,
which is an important parameter in heat exchanger
modeling. The model is compared to a 50 cell condenser
model in [9] and shows good results. The heat transfer

coefficient of a differential element is U. ODA-gas is
assumed to enter and leave the condenser fully saturated. It
is fully saturated inside the condenser. ODA-gas, vapor and
liquid are assumed to exhibit equal temperature.

Vapor condenses as it travels through the condenser
leading to a flow resistance increase. Condenser flow is
turbulent and is modeled as an ODA and vapor mass flow.
As the vapor mass flow is assumed not to change across the
upstream water separator, the condenser inlet vapor mass
flow is modeled as W,,,,=XonWeondosae- ODA mass flow
through the condenser is obtained by (15) resulting in an
ODA-gas mass flow through the separators and the
condenser (16) governed by equations (7), (9) and (14).

(15) (1 +Xou )2 W eona, odaz = Ceond (pzaml in = P eond out )

%/\/HXW, X, )
Pom = Pem 2 + 2

Ceond Cyep2

(16) w

cond ,oda

sepl

Temperature gradient driven heat transfer from ODA to

cooling side and neglecting higher order terms leads to (17).

Energy balance (18) across a cooling cell and applying a

Taylor series expansion and neglecting higher order terms
leads to (19).

(17) 0(2) =Ud=(T,(2)-T.(2))

(18) 0=W,,,c.T.(z+dz)~W,, ,c.T.(z) + O(2)
oT, 6TL, - T
(19) W,,,c. e S U(T,(2)-T.(2))

ODA mass flow is assumed constant and a mean pressure
p. governed by the arithmetic mean of condenser inlet and
outlet pressure (20) is assumed as condenser pressure. Water
loading of fully saturated ODA is modeled as (21) using the
temperature of ODA T),(z). Energy balance at the ODA side
is (22). Applying a Taylor series expansion and neglecting

higher order terms reduces (22) further leading to (23).
20) P. =4(Pesntin + Paonton)

P T(2) Ry

21 =
@D x@ - p(T,(2)) R,

0= W wiaCota Ty (D)W, (2) g +¢,T,(2)+ W, (2)e, T, (2)
(22) — and odaCota Ly (2 +dz) =W, (z+ dz)( —c,T,(z+ dz))

—W,(z +dz)e,T, (z + dz) — Udz(T, (2) - T.(2))
or, ow,

0= W ot tsot ahdz hy— - dz = Ud=(T, ()= T,(2))
23
(23) [W( ) aW (Z)dzj
c/(W (2) ﬁW, T, (z)dzj

Different1at10n of Wv(z) = X(2)W cond.0aa With respect to z

leads to ".(2) _ 2X(2)
32 aZ cond ,oda

with respect to z is obtained by (24). Water mass balance

. The derivative of water loading

Weondosa ODA
Wi(z+dz) side
Th(z+dz) W(z+dz)

Weond.oda 3
W.(2)
Wi(z) Ti(z)

Weool Weool

To(2) Te(z+dz)

z z+dz
Fig. 2. Condenser differential model with mass and energy balance
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across one cell leads to 97.(2) _ W, (@) |

0Oz 0Oz
(24) ) _ X)) _ X(T,) ,2)
0z 0Oz o7, 0Oz

Equation (23) can be further reduced as it is dominated by
enthalpy of evaporation /,. Derivative of water loading with
respect to temperature is approximated as the derivative at
mean ODA temperature 7}, ..., in the condenser (25). Mean
temperature is gained as the arithmetic mean of ODA in- and
outlet temperature 7}, ean = 1/2 (Thoue + Tp). This leads to
differential equation (26) on the ODA side of the condenser.

sat

_dp, . p. Roia
,,,,,,,, dr ‘1',1_,”“,,, (p(‘ 717:“1 (Th.mmﬂ))2 R,

(25) %X 2X|
ar or

oX o7, o7,
(26) [h(]Wcoud,odaaT - ] az/ =C, aizh = _U(Th (2)- TL(Z))

Model equations of the cooling side and equations of the
ODA side are similar to model equations of a counter-flow
heat exchanger with incompressible mass flows. Therefore,
the effectiveness-NTU method [13] is applied. Condenser
outflow temperature is governed as (27).

27) Ty = (T )= T, =&+ Coi/ G, (T, = T,)

Effectiveness ¢ is obtained for a counter-flow heat

exchanger (28) based on the effectiveness-NTU method [13]
with C,,;,=min(C,,C,), Cm=max(C;,C,) and NTU=UA/C,,;,.

1-expl- NTU(I=C") «_Con
28) ¢= =—
28) = 1-C" expl- NTU(l—C*))forC “!
&= NTU forC" =1
1+ NTU

As the actual ODA outlet temperature 7}, is used to
compute 0X /0T at mean temperature as well as C,, it is
obvious that Tj,, is given by an implicit equation (27),
which is solved for by the regula falsi method “Illinois
Algorithm” [14]. As initial guess the interval with
boundaries [T,-¢ T,] with £ =IK is taken. Outlet temperature
Thour 1s used to calculate the mass flow of wvapor
Wi.out = X(Thou) Woaa and liquid leaving the condenser W, =
Wit W in-W,, 0 With the water loading calculated at outlet
temperature 7j,,,. According to (22) an energy balance about
the whole ODA side of the condenser delivers the heat flow
transferred to the cooling side, which is taken to obtain the
cooling outlet temperature 7, by a static energy balance.

The condenser is considered to exhibit high cooling,
which is modeled by a high heat transfer coefficient. ODA
outlet temperature then is close to condenser cooling inlet
temperature. As reported in [9], a value of UA=600W/K is
taken for the condenser model. Figure 3 shows stationary
ODA-gas water loadings simulated for condenser cooling
temperatures 7ouqi, = 5, 7.5, ...20°C at a stack cooling inlet
temperature of 55°C. Intuitively, water loading would
decrease by lowering cooling temperature 7,4, to let more
vapor condense. Operating the condenser at 7,,q,= 5°C
would result in an ODA water loading X,,4, of ca. Sg/kg.
Water loadings of 5 to 15 g/kg lead to a 0.5-1.48% water
mass flow of the total humid gas mass flow.

N
(4]
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Fig. 4. Simulation: ODA water loading in exit manifold for condenser
cooling inlet temperatures 5, 7.5...20°C, cell mass flows 0.10,
0.13, 0.17g/s/cell and stoichiometry 1.5, 1.7, 2.0, Tyyerin = 55°C

III. ODA MASS FLOw CONTROL

The MFC provides feed air and sets the air mass flow
according to the reference W, ., which is obtained by
stoichiometry and stack current (29). Oxygen mass flow
W03.reaes (30) consumed by the chemical reaction reduces the
feed air mass flow and leads to an ODA-gas mass flow.

1. 0.79

(29) W s = 4le ”ceus/l[Moz +HMN2J
I stack

(30) Wosreuer = 4F MM 0,

For inerting ODA oxygen content must be close to 10%.
A stationary analysis [9] of the fuel cell system model shown
in figure 4 reveals the dependency of oxygen content on
stoichiometry. A value of A=1/.72 would lead to 10%. As the
stoichiometry input for the system considered is quantized to
values 1.60, 1.65, 1.70,... the controller model is derived for
an operating point with 1= 1.7. The stack cooling inlet
temperature is controlled for 55°C [8] and the condenser
cooling inlet temperature for 5°C to achieve low ODA-gas
water loading. Cooling controllers are assumed to work
perfectly. When limiting stack current slope sufficiently,
oxygen starvation, cathode flooding and hence serious
dynamic voltage losses can be prevented. Although voltage
dynamics of a PEM fuel cell are important, they can be
neglected in the reduced order model as ODA-gas generation
is independent of stack voltage. Further, thermal dynamics
are slow and are neglected as well. Gas dynamics, however,
are important. In [3] mass flows and pressures are modeled
as static. So, nonlinear gas dynamics are approximated by
first order time systems with time constant 7;c and Ty for
the MFC and the fuel cell system. Model as well as mass
flow controller uncertainties on feed air mass flow are
accounted for by a disturbance z. Figure 5 shows the model
with equations (31) and input u=1, being the stack current,
states x; and x, being the mass flows W, provided by the
MFC and ODA-gas W,,, leaving the fuel cell system. Model
output y is ODA-gas mass flow. Measurement W, =y(t-T,)

analysis of stationary simulation model

® 1 P n T T
2 12tc =
3 A(1+0.79/0.21)-1" !
e MF--——+- -T2 - - _ - - — |
8 | | | |
~ 10 t t T T
o 9 ] | | |
é [ e 1 O A R
o L |_|stoic=172 L L
15 16 17 1.8 1.9 2 2.1

stoichibmetry
Fig. 3. ODA-gas oxygen concentration co; plotted over stoichiometry
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is available with a time delay 7, Assuming dry ODA-gas
mass flow W4, equalling W, introduces a slight error of
0.5-1.48% for water loadings of 5-15g/kg motivating the
approximation ~ W4, = W,s,.  Assuming a  constant
stoichiometry, the model is linear. This motivates to control
for ODA-gas mass flow by a state feedback controller. As
not all states are available through measurement, an observer
estimates the states x;, x, as well as disturbance z. For

implementation the sampling time is 7.

I z ‘ Wosreact
stack 5 e W :‘ Sith, _: :' sep, | : - 1| W ot
MFC | stack, Tx cond, -:—kem >
or I__om _! _sep_; I___
PT1: time constant Tyc approximated as PT1: time constant T
Fig. 5. Reduced order plant model for controller design
i, 1 0 X, Mot (M 02 TA My, ) I 0
3D _ Tyc + T\rc4F L+ -
. 1 1 Meets_pp 1
X — | x - —
: TFC TFC : TFC4F ” TFC
R
X A X B E
y=[0 1=cx

A. Observer and Predictor

State estimation takes place in two steps as proposed by
[15] with a linear observer working in the past shifted by a
time delay 7, to ensure time-synchronous u and y. Time
delay 7, is compensated for by a predictor that takes the
state estimate as initial condition to predict the actual state
by applying the remaining plant input signal u.

1) Observer

A linear Luenberger Observer (32) estimates states x;, x;

and disturbance z. Gains L are obtained by pole placement.

(32) ‘:j = {Ig i}[ﬂ + F(ju + L(y - j})and y=Cx
2) Predictor for t —T, <7<t
The predictor model (33) is the system model extended by
a disturbance, which stays constant throughout the prediction
time horizon. The vector of initial conditions at time =¢-T},
is the actual observer state vector estimated.

(3 FWHA E}[%Hﬂum wih {«?(f-f—m“’f“‘m}
Xoy| L0 0]z LO He=t-T,)| [Z(t-T,)

The system of differential equations is solved by a Runge-
Kutta method of 4™ order with time step less or equal to 7.
The system input is constantly u(z-kT,) for a sampling period
t-kT, < < t-(k-1)Ts with k=(T,/Ty), (T,/Ty)-1,...,1 provided
that (7,/T,) is a natural number.

B. State Feedback Controller

To gain steady state accuracy of ODA-gas mass flow
system (31) is extended by an additional state (34). A state
feedback controller (35) is derived for the unconstrained
extended system assuming availability of all states. Later,
the controller receives the predictor states. Additional state e
is the integral value of the sum of predictor output, reference
value y,, and discrepancy Tg(ug-u) between controller
output up and limiter output u as a Classical Anti-windup

approach [16] with time constant 7 to prevent integrator
windup. Limiter output u# (36) is governed using sampling
time 7. Stack current slope for rise and fall is limited to
experimentally determined du,,, to prevent the stack of
flooding and oxygen starvation. Lower and upper bounds of
Unar and u,,;, are set. Controller (35) is designed for the case
ug=u. Gain vector K is obtained by pole placement.

o9 EH{L S e o

(35) up = —K[):c e]r with e = J‘C)%—y,,e/. + T (g —u)dt
ut =T,) + du, T,
up () = qu(t =T,) = du,, T,
ug ()
Uy U (1) >0
() =4 uy, g <ug,
i (£)
Inaccuracies in the MFC flow control lead to an increase
of the cathode feed air mass flow compared to the reference
value resulting in an increase of ODA-gas O, content. This
can be corrected by decreasing stoichiometry. An underlying
lambda feedback for integral control of stoichiometry [17] to
gain a 10% oxygen content, however, would lead to
oscillations due to the quantized input signal. Experiments
revealed, that a 10% ODA-gas O, concentration is gained for
stoichiometry 1.6. Therefore, stoichiometry is reduced
manually from 1.7 to 1.6. The effect of providing too much
cathode feed air in the nonlinear simulation model is
captured by setting a 107% delivery of mass flow W, .
This mimics a disturbance on air mass flow. The plant model
with time delay on mass flow measurement, the state
feedback controller, observer and predictor are shown in
figure 6. The controller is run with sampling time 7.

sup () =u(t=T0) > +du,, T,

sug() —u(t =T,) < ~du,,, T,

, otherwise

(36)

max

, otherwise

State Feedback Controller with Anti-Windup

Time Delay
Vref % X=Ax+Bu+Ez
u, =—K|~
e

1 2 (7 Y T,
ug(t) limiter | u(t) u(1) yeCr (1) Y( @
(disturbance z)
2 +, c
e:JCx—y“,/ +
State and Disturbance Observer
+ Ty —u)dt W) [ -
F|_[4 ET],[B c1l-9)
e S REI R N ) ey ™
R y=Cx
H u(t)

for t—T, <7<t solve system
io) [4 Eio) (8 ,%(r:z—r,) :Fo—m}
LémHo OLnHo}”‘” L(,:,,m} T,

Fig. 6. Schematic of the ODA state feedback controller with Anti-Windup
circuit, observer, predictor and plant model with time delay

Plant model

Prediction
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initial condition

IV. SIMULATION AND EXPERIMENTAL RESULTS

The state feedback controller, observer for state
estimation and predictor for time delay compensation were
run on the nonlinear fuel cell system simulation model in
Matlab/Simulink® and were applied to the real plant. ODA-
gas reference mass flows are 0.1 and 0.17g/s/cell. Stack and
condenser inlet cooling temperatures are controlled for 55°C
and 5°C, respectively. Stoichiometry was set constant to a
value of 1.6. Simulation and experimental results are shown

3564



in figure 7. In the simulation as well as in the experimental
run the controller adjusts stack current such that the ODA-
gas reference mass flow is reached quickly. The offset in
stack current is due to differing disturbance mass flows in
simulation and experiment. Oxygen concentration is close to
10% and a low water loading is gained with simulation and
experimental values being very close at circa Sg/kg. The
controller performs very well.
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