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ABSTRACT

Fuel cell stack systems are under intensive devel opment by
several manufacturers since they complement heat engines and
reduce the ubiquitous dependence on fossil fuels and thus have
significant environmental and national security implications. To
compete with |CE engines, however, fuel cell system must oper-
ate and function at least as well as conventional engines. Tran-
sient behavior is on of the key requirements for the success of
fuel cell vehicles. The fuel cell system power response de-
pendson the air and hydrogen feed, flow and pressure regulation,
and heat and water management. During transient, the fuel cell
stack control system isrequired to maintain optimal temperature,
membrane hydration, and partial pressure of the reactants across
the membrane in order to avoid degradation of the stack volt-
age, and thus, efficiency reduction. In this paper, we developed
afuel cell system dynamic model suitable for control study. The
transient phenomenacaptured in the model includethe flow char-
acteristics and inertia dynamics of the compressor, the manifold
filling dynamics (both anode and cathode), and consequently, the
time-evolving reactant partial pressures, and membrane humid-
ity. The effects of varying oxygen concentration and membrane
humidity on the fuel cell voltage were included. Simulation re-
sults are presented to demonstrate the model capability.

*Support is provided by the U.S. Army Center of Excellence for Automotive
Research, Contract DAAEO7-98-3-0022

1 INTRODUCTION

Fuel Cells are electrochemical devices that convert the
chemical energy of a gaseous fuel directly into electricity and
are widely regarded as a potential alternative stationary and mo-
bile power source. They complement heat engines and reducethe
ubiquitous dependence on fossil fuels and thus have significant
environmental and national security implications. Fuel cell stack
systems are under intensive development by several manufac-
turers, with the Proton Exchange Membrane (PEM) Fuel Cells
(also known as Polymer Electrolyte Membrane Fuel Cells) cur-
rently considered by many to be in arelatively more developed
stage for ground vehicle applications. Recent announcements
of GM “AUTOnomy” concept and federa program “Freedom
CAR” confirm an interest in developing fuel cell vehicles from
both the government and automobile manufacturers.

To compete with | CE engine, however, fuel cell system must
operate and function at least as well as conventional engine.
Transient behavior is one of the key requirements for the suc-
cess of fud cell vehicles. The fuel cell system power response
depends on the air and hydrogen feed, flow and pressure regula-
tion, and heat and water management. During transient, the fuel
cell stack breathing control system is required to maintain op-
timal temperature, membrane hydration, and partial pressure of
the reactants across the membrane in order to avoid degradation
of the stack voltage, thus, maintain high efficiency and extend
the life of the stack (Yang, 1998). Creating a control-oriented
dynamic model of the overall system is an essentia first step not
only for the understanding of the system behavior but also for the
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development and design of model-based control methodol ogies.

Model developed specifically for control studies have cer-
tain characteristics. Important characteristics such as dynamic
(transient) effects are included while some other effects, such as
spatial variation of parameters, are neglected and lumped. Fur-
thermore, only dynamic effectsthat are related to automobile op-
erations are integrated into the model. The extremely fast tran-
sient phenomena of both electrochemical reaction and electrode
electrical dynamics have minimal effects in automobile applica
tion and can be neglected. The transient behavior due to man-
ifold filling dynamics, membrane water content, supercharging
devices, and temperature may impact the behavior of the vehicle
(Guzzella, 1999), and thus must be included in the model. Inter-
actions between each of these processes must also be included.
However, with relatively slow responses, the cell and stack tem-
perature may be viewed as a separate system which is equipped
with its own controller. The temperature can then be considered
as aconstant for other faster subsystems.

Despite a large number of publications on fuel cell mod-
eling, models of fuel cell systems suitable for control studies
are il lacking. Most publications target the fuel cell perfor-
mance prediction with the main purpose of designing cell com-
ponentsand choosing fuel cell operating points (Amphlett, 1995;
Bernardi, 1992; Lee, 1998; Springer, 1991) . These models are
mostly steady-state, cell level, include spatia variations of fuel
cell parameters and are developed using electrochemical, ther-
modynamic and fluid mechanics. While these models are not
suitable for control studies, they explain the fundamental effects
of operating parameters on the fuel cell voltage or polarization
curve. Fuel cell (propulsion) system modelsthat exist in theliter-
ature are mostly steady-state system modelswhich typically used
for component sizing (Barbir, 1999; Friedman, 2001) and cumu-
lative fuel consumption or hybridization studies (Akella, 2001,
Atwood, 2001; Boettner, 2001b). Here, each component such
as compressor, heat exchanger and fuel cell stack voltageisrep-
resented by a static performance or efficiency map. The only
dynamics considered in this type of modelsisthe vehicleinertia.

Very few dynamic fuel cell system models exist in the open
literature. Most of them are built to address specific control
problems and include only the subsystems relevant to the control
problem. The temperature dynamicsis the focus of several pub-
lication (Turner, 1999; Boettner, 2001a; Hauer, 2000) because
of the critical startup period where nominal fuel cell temperature
needs to be reached fast. A few publications (Guzzella, 1999;
Padulles, 1999; Pischinger, 2001) included the dynamics of the
air supply system, i.e., considered the dynamics of the air com-
pressor and manifold filling and their consequences to the fuel
cell system behavior.

In this paper, we developed a fuel cell system dynamic
model suitable for control study. The transient phenomena cap-
tured in the model include the flow characteristics and inertia
dynamics of the compressor, the manifold filling dynamics (both
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Figure 1. Automotive Fuel Cell Propulsion System

anodeand cathode), and consequently, thetime-evolving reactant
partial pressures, and membrane humidity. All thesedynamically
changing conditions affect the fuel cell stack voltage, and thus,
the fuel cell efficiency and power. Unlike other system models
existing in theliterature where asingle polarization curve or aset
of polarization curves for different cathode pressure is used, the
fuel cell polarization curve used in this paper isafunction of oxy-
gen and hydrogen partial pressures and membranewater content.
This alows us to capture the effects of varying oxygen concen-
tration and membrane humidity on the fuel cell voltage, which
is necessary for control development during transient operation.
Simulation results are presented to demonstrate the model capa-
bility.

2 FUEL CELL PROPULSION SYSTEM FOR AUTOMO-

BILE

A fuel cell stack needs to be integrated with other compo-
nentsto form afuel cell engine. The diagram in Figure 1 shows
the components required for the fuel cell system. The fuel cell
stack requires four flow systems. (i) hydrogen supply system
(i) air supply system (iii) cooling system and (iv) humidification
system. Most fuel cell stacks use de-ionized water as a coolant
and the cooling system and humidification system can often be
combined as awater supply system.

The power of the fuel cell stack depends on current drawn
from the stack and stack voltage. Thefuel cell voltageis afunc-
tion of the current, reactant partial pressure, temperature and
membrane humidity. As the current is drawn from the fuel cell,
oxygen and hydrogen are used in the reaction. Water and heat
are also generated. To maintain the desired hydrogen partial
pressure, the hydrogen needs to be replenished by the hydrogen
supply system, which includes hydrogen pressurized tank and
hydrogen control valve. Similarly, the air supply system needs
to replenish the oxygen to maintain the oxygen partial pressure.
Theair supply system is composed of compressor, el ectric motor
and pipe between the components. The compressor compressthe
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air flow to high pressure which significantly improves the reac-
tion rate, and thus fuel cell efficiency and power density. Since
the high pressure air flow leaving the compressor has high tem-
perature, air cooler is needed to reduce air temperature enter-
ing the stack. Humidifier is also used to humidify the air and
hydrogen flow in order to prevent dehydration of the fuel cell
membrane. Thewater used in the humidifier is supplied from the
water tank. Water level in the tank needsto be maintained by col-
lecting water generated in the stack, which is carried out with the
air flow. The excessive heat released in the fuel cell reaction also
needs to be removed by the cooling system, which re-circulates
de-ionized water through the fuel cell stack. Power conditioner
is frequently needed since the voltage of fuel cell stack varies
significantly, which is not suitable for typical electronic com-
ponents or traction motors. The stack power is supplied to the
traction motor that is connected to the vehicle drivetrain.

3 FUEL CELL SYSTEM MODEL

In this study, the problem is simplified by assuming that the
temperature and humidity of the inlet reactant flow can be per-
fectly controlled, i.e. assuming perfectly controlled humidifier
and heat exchanger. Simple models of air cooler and humidifier
are used to calculate changesin flow conditionsin order to ensure
mass conservation of various species.

The component and the volumes associated with the system
areshownin Figure2. Itisassumed that the multiple cathodeand
anode volumes of the multiple fuel cellsin the stack are lumped
together as a single stack cathode and anode volumes. The an-
ode supply and return manifold volumes are very small and the
pure hydrogen flow allows us to lump all these volumes to one
“anode” volume. We denote all the variables associated with the
lumped anode volume with a subscript (an). Similarly, the cath-
ode supply manifold (sm) lumps all the volumes associated with
pipes and connection between the compressor and the stack cath-
ode (ca) flowfield. The cathode return manifold (rm) represents
lump volume of pipes downstream of the stack cathode. It is as-
sumed that the properties of the flow exiting avolumeisthe same
asthat of the gasinside the volume. Subscripts (cp) and (cm) are
used for compressor and compressor motor, respectively.

The inertia dynamic and nonlinear curve-fitting of the com-
pressor flow map are used to model the compressor. The mass
conservation is used to model dynamic behavior of gas species
in each volume. If there is no variation of gas composition in
avolume, the mass conservation is applied to the combined gas,
for example, in the supply and return manifolds. The energy con-
servation is applied to the air in the supply manifold in order to
account for the effect of temperature variations. The parameters
used in the model, given in Table 3, are either taken from the lit-
erature or approximated based on the dimensions of Ford P2000
fuel cell vehicle.
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Figure 2. Components and volumes in fuel cell reactant supply system

3.1 Compressor Model

A lumped rotational parameter mode! with inertia, Jcp, is
used to represent the dynamic behavior of the compressor speed,
Wep.

d
‘]Cp% = (Tem— Tep) (1)

where Tem(Vem, Wep) is the compressor motor (CM) torque and
Tcp is the required compressor torque in (3). The compressor
motor torque is calculated using static motor equation

Tem= r]cmi (Vem— kvtep) %)
Rem
where ki, Rem and ky are motor constants and ncm is the motor
mechanical efficiency. The required motor torque is calculated
using thermodynamic equation

y—1
Cp Tatm ( psm> v
Tecp= — —— — — 1| W, 3
P Wep Nep [ Patm P ®)

wherey is air specific heat ratio, Cp is air specific heat, ncp is
compressor efficiency, psm is pressure inside the supply mani-
fold and patm and Tam are atmospheric pressure and temperature,
respectively.

A static compressor map is used to determine the air flow
rate through the compressor, Wcp. The compressor flow char-
acteristic Wep( Psm/ Patm, Wep) is modeled by the Jensen & Kris-
tensen nonlinear curvefitting method (Moraal, 1999), which rep-
resents the compressor data very well as shown in Figure 3. The
compressor model used here is for an Allied Signal compressor
(Cunningham, 1999). Thermodynamic equationsare used to cal-
culate the exit air temperature.

Copyright [0 2002 by ASME



Pressure Ratio

o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 01
Flow (kg/sec)

Figure 3. Compressor Map

y=1
Tcp:Tatm‘F-r?i] [<@> ' —1] 4

cp Patm

3.2 Supply Manifold Model

Manifold model represents lumped volume associated with
pipes and connections between each device. The cathode supply
manifold (SM) includes pipe volume between compressor and
fuel cell stack. The pressure in the supply manifold, psm, iS gov-
erned by mass continuity equation and energy conservation

d

%1 = ch - Wsmout (5)

d

ﬁ = & (chTcp —Wsmouthm) (6)
dt Vsm

where Ry is the air gas constant, Vs, is the supply manifold vol-
ume and Tg, is the temperature of the flow inside the manifold
which is calculated from the ideal gas law. The supply mani-
fold exit flow, Wsmout(Psm, Pca), is calculated using a linearized
nozzle flow equation (34), givenin Appendix A.

3.3 Static Air Cooler Model

Thetemperature of the air in the supply manifoldistypically
high due to the high temperature of air leaving the compressor.
To prevent any damage to the fuel cell membrane, the air needs
to be cooled down to stack operating temperature. In this study,
we do not address heat transfer effects and thus we assume that
an ideal air cooler (CL) maintains the temperature of the air en-
tering the stack at Tp) = 80°C. It is assumed that there is no
pressure drop in the cooler, pc = psm Since temperature change
effects gas humidity, the humidity of the gas exiting the cooler is
calculated

@ = Pyl _ Pel Pv,atm _ Pcl PatmPsat( Tatm)
Psat(Tel) PatmPsat(Tel) PatmPsat(Tcl)

(")

where @qm = 0.5 is the average ambient air relative humidity
and psa(Ti) is the vapor saturation pressure that is a function of
temperature, T;.

3.4 Static Humidifier Model

It is also assumed that the inlet air is humidified to the de-
sired relative humidity before entering the stack. A static model
of the humidifier isused to cal cul ate the required water that needs
to be injected to the flow stream. The temperature of the flow
is assumed constant. The water injected is assumed to be in
the form of vapor or the latent heat of vaporization is assumed
to be taken into account in the air cooler. The amount of va-
por injected is calculated by comparing the vapor flow at the
cooler outlet and the required vapor flow for the desired hu-
midity, ¢®S First, based on the condition of the flow exiting
the cooler (Wei = Wasmout, Pel, Tel, @cl), the dry air mass flow rate,
Wi, the vapor mass flow rate, W, ¢ and the dry air pressure,
Pacl, are calculated using equations (35)-(39). Then, the flow
rate of vapor injected is calculated by

% (pdeqasat(Tcl)

Weinj = Ma Pa,cl

Wa,cl —V\A/,cl (8)
where My, and M, are molar mass of vapor and dry air, respec-
tively. The cathode inlet flow rate and pressure are Weajn =

Wei +Winj and Peajin = Pacl +(Pdespsat(Tcl)a respectively.

3.5 Fuel Cell Stack Model

Thefuel cell stack (ST) model containsfour interacting sub-
models which are the stack voltage, the anode flow, the cathode
flow, and the membrane hydration models (Figure 4). Currently,
it is assumed that the temperature of the fuel cell stack is per-
fectly controlled by the cooling system such that its temperature
is maintained constant at 80°C and uniform over the whole stack
and acrossthe flowfield. The voltage model contains an equation
used to calculate stack voltage that depends on varying fuel cell
variables: pressure, temperature, reactant gas partial pressures
and membrane humidity. The dynamically varying pressure and
relative humidity of the reactant gas flow inside the stack flow
channels are calculated in the cathode and the anode flow model
using mass conservation along with the thermodynamic proper-
ties. The process of water transfer across the membraneis repre-
sented by the membrane hydration model.

3.5.1 Stack Voltage Model In the stack voltage
model, the stack voltageis calculated as a function of stack cur-
rent, cathode pressure, reactant partial pressures, fuel cell tem-
perature and membrane humidity. Since the fuel cell stack com-
prises of multiple fuel cell connected in series, the stack voltage,
Vgt, IS calculated by multiplying the cell voltage, v+, by the num-
ber of cells, n, in the stack (vst = nvic). The stack current, |, is
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Figure 4. Fuel Cell Stack Block Diagram

equal to the cell current. For a set of fuel cell operating con-
ditions (pressures, temperature and humidity) the characteristic
of fuel cell istypically given in the form of polarization curve,
which is a plot of cell voltage, vic, and cell current density, i t¢
(see Figure 5 for an example). The current density is defined as
cell current per unit of cell active area, i fc = lst/Ase.

The fuel cell voltage is calculated using a combination of
physical and empirical relationships. Basic explanation can be
found in (Larminie, 2000). In summary, the fuel cell voltage is
given by

Vic = E — Vact — Vohm— Veonc 9)

where E is the open circuit voltage and Vact, Vohm and Veonc are
activation, ohmic and concentration overvoltages, respectively.
The open circuit voltage is calculated from the energy balance
between chemical energy in the reactants and electrical energy
and is derived in (Amphlett, 1995)

E =1.229 — 0.85 x 10~ 3(T¢c — 298.15)

1
+ 4.3085x 10~"Tr¢ |In(py,) + 5

51n(Po, )| (10)

where, specificaly in (10), fuel cell temperature T is expressed
in Kelvin, and reactant partial pressures py, and po, are ex-
pressed in atm.

Activation overvoltage, Vact, isthe result of the need to cause
electron transfer and to break and form chemical bonds in the
anode and cathode (Lee, 1998). The relation between the activa-
tion overvoltage and the current density is described by the Tafel
equation which is however not valid for small current density.
Therefore, the Tafel equation is approximated by expression

Vact = Vo + Va(1— ™). (11)

The activation overvoltage depends strongly on temperature (Ko-
rdesch, 1996) and oxygen partial pressure (Amphlett, 1995). The
value of vg, V4 and c¢; and their dependency on oxygen partial
pressure and temperature can be determined from nonlinear re-
gression of experimental data using the basis function (11).

Ohmic overvoltage, Vohm, isdueto theresistance of the poly-
mer membraneto the transfer of protons and the resistance of the
electrode and collector plate to the transfer of electrons. The
voltage drop that correspondsto the ohmic lossis proportional to
the current density

Vohm= 1 - Rohm (12)

The ohmic resistance, Rohm, depends strongly on membrane
humidity (Laurencelle, 2001) and cell temperature (Amphlett,
1994). Several studiesin the literature (Nguyen, 1993; Springer,
1991) show that the ohmic resistance is a function of the mem-
brane conductivity, dm(Am, Ttc) (Q-cm)~L, in theform

tm
Rohm= o’ (13)
wherety, isthe membranethickness. Thevalue of membranewa-
ter content, A, varies between 0 and 14 (Springer, 1991), which
is equivalent to relative humidity (RH) of 0% and 100%, respec-
tively. Thevariation of the membrane conductivity with different
membrane humidity and pressure isin the form (Springer, 1991)

on = (bm—bz)ep (b2 (55 -7 )) @)
where A, isthe membranewater content, b11, bi» and b, are con-
stants, which are usually determined empirically. We usethe em-
pirical values of by; and b1, for Nafion 117 membrane given in
(Springer, 1991).

Concentration overvoltage, Veone results from the changein
concentration of the reactants as they are consumed in the reac-
tion. An equation that approximates the voltage drop from con-
centration lossesis given by (Guzzella, 1999)

Veone = | (CZ-i—> ? (15)

Imax

where Cy, €3 and imax are constants that depend on temperature
and reactant partial pressure and can be determined empirically.
We use the published values for the coefficientsty, and by in
(13) and (14). The value of b, = 350 is however modified from
the one given in (Springer, 1991) to better match the experiment
data. The coefficients in the expression (11) and (15) are deter-
mined using nonlinear regression with fuel cell polarization data
from an automotive propulsion sized PEM fuel cell stack. By as-
suming that the datais obtained from the fuel cell stack operating
in controlled environment, where cathode gasis fully humidified
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and oxygen excess ratio (ratio of oxygen supplied to oxygen re-
acted) is 2, the pressure terms in the regression of the activation
and concentration overvoltage can be related to oxygen partial
pressure, P, , and vapor saturation pressure, psat. The resulting
voltage equation is therefore expressed as a functions of oxygen
partial pressure. The regression results are

Vo = 0.279— 8.5 x 10~4(Tyc — 298.15)
+4.308 x 10 °Tyc [m <M)

1.01325
l 01173( pca— psat)
3 ( 1.01325
P
_ - . -2 02 2
Va = (—1.618 x 10~°Tf¢ — 1.618 x 107%)( 01173 T Psad
P
+(1.8x 107 *Tc — 0.166)(5; 1‘1273 + Psat)
+(—5.8x 10 *Ts¢ 4 0.5736)
cp =10
Po
—4 _ 2
(7.16 x 10~*Trc — 0.622) (5= + Psai)
+(—1.45% 10~3T¢. + 1.68)
Po,
for (0.1173 + Psat) < 2@m
Co = D
(866 x 10~°Trc — 0.068) (17715 + Psa)
+(—1.6 x 10~*T¢¢ + 0.54)
Po,
—c >
for (g 1273 + Psa) 2 2M
imax - 22
c3=2 (16)

The plot of the polarization function versus the experimental
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Figure 5. Fuel cell polarization curve fitting results at constant tempera-
ture of 80°C and at cathode pressure of [1, 1.5, 2, 2.5, 3, 3.5, 4] bar

data is shown in Figure 5. An example of the effect of mem-

branewater content to cell voltageisillustrated in Figure 6 which
showsfuel cell polarization curvefor membrane water content of
14 (100%) and 7 (50%). Unfortunately, there is no experimental
data to verify the relation in Figure 6 but one can see that the
model predicts significant degradation in fuel cell voltage due
to change in the membrane water content indicating the impor-
tance of experimental verification. Note also that over saturated

Cell Voltage (V)

DO 02 04 06 08 1 12 14 16 18 2
Current Density (A/cm2)

Figure 6. Polarization curves for 100°C and 2.5 bar at different mem-

brane water content

conditionswill cause condensation and liquid formulationinside
the anode or the cathode. The flooding will also cause voltage
degradation (Baschuk, 2000). The effect of water flooding will
be integrated into our model in the future.

3.5.2 Cathode Flow Model  The cathode (CA) mass
flow model represents the air flow behavior inside the cathode
flow channel of the fuel cell. The model is developed using the
mass conservation principle and thermodynamic and psychro-
metric properties of air. Severa assumptions are used. First,
all gases obey theideal gas law. The temperature of the flow in-
side the cathode flow channel is assumed to be equal to the stack
temperature. The variables of the flow exiting a volume such as
temperature, pressure, and humidity are assumed to be the same
as the variablesinside the upstream volume. Furthermore, when
the relative humidity of the gas exceeds 100%, vapor condenses
into liquid form. This liquid water does not leave the stack and
will either evaporate in the cathode gas if its humidity drops be-
low 100% or accumul ate in the cathode. Lastly, the flow channel
and cathode backing layer are lumped into one volume, i.e. the
spatial variations are ignored.

The mass continuity is used to balance the mass of three ele-
ments, which are oxygen, nitrogen and water, inside the cathode
volume.

M | —W,_out—W, (17)
dt — Yo,,In oz,out oz,reacted

dm,
dt2 :WNz,in_WNZ,OUt (18)
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dmyca _
dt

V\A/,ca,in —V\A/,ca,out +V\A/,gen+ \M/,membr (19)

Using the mass of oxygen, m,, , nitrogen, m,, , and water, my,
and the stack temperature, Tg;, OXygen, nitrogen and vapor par-
tial pressure, p,_, Py s Pvs cathode total pressure, pca = Po, +
Py, T Pvs rel ativezhumldity, (ca, and dry air oxygen molefraction,
X, ca of the gasinside the cathode channel can be calculated us-
ing the ideal gas law and thermodynamic properties. If the mass
of water calculated is more than that of saturated state, the extra
amount is assumed to condenseinto liquid form instantaneously.

Figure 7 illustrates the calculation processin the cathode model.

P
Tst Orifice =
Wta ut
Wea,ou it
@
Outlet Flow o
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Wa,caout | Wi caout Wy, ca,01 P
X, P
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Wy, membr Wicagen | W, ca reacted
Electro- Lo st
Chemistry

Figure 7. Cathode Flow Model

Theinlet (in) and outlet (out) mass flow rate of oxygen, ni-
trogen and vapor in equation (17)-(19) are calculated from the
inlet and outlet cathode flow conditions using thermodynamic
properties. The detailed calculations are given in Appendix A. A
linearized nozzle equation (34) is used to calculate the cathode
exit flow rate, Weaout. Electrochemistry principles are used to
calculate the rates of oxygen consumption, WOZJeacted, and water
production, Wi,cagen, in the fuel cell reaction. The flow rates are
functions of the stack current, I st (Amp),

nl

Woz,reacted = M02 X 4_|§t (20)
nlst

=My x — 21

Wica,gen v X oF (21)

The water flow rate across the membrane, Wymembs in (19) is
calculated by the membrane hydration model in section 3.5.4.

3.5.3 Anode Flow Model  Similar to the cathode flow
model, hydrogen partial pressure and anode flow humidity are

determined by balancing the mass flow of hydrogen, My, and
water in the anode, myan.

dm,

TZ = WHz’in _WH270Ut —WHz,reacted (22)
dmy,

dt7an = Wanin —Wanout = Wsmembr (23)

In our model, pure hydrogen gas is supplied to the anode of the
fuel cell stack by the hydrogen tank. It is assumed that the an-
ode inlet flow rate can be instantaneoudly adjusted by a valve
such that it maintains minimum pressure difference across the
membrane. This has been achieved by using a high gain propor-
tiona controller to control the hydrogen flow rate such that the
anode pressure, pan, tracks the cathode pressure, pca. The inlet
hydrogen flow is assumed to have 100% relative humidity. The
anode outlet flow represents the hydrogen purge and is currently
assumed to be zero. Thetemperature of the flow is assumed to be
equal to the stack temperature. The rate of hydrogen consumed
in the reaction, WHzJeacted, is afunction of the stack current

nl
WHZ,reacted: MH2 X oF (24)

whereM,, is hydrogen molar mass.

3.5.4 Membrane Hydration Model = The membrane
hydration model captures the effect of the water content in the
membrane and the rate of mass flow of water across the mem-
brane. Both water content and mass flow are assumed to be uni-
form over the surface area of the membrane. The membrane wa-
ter content and rate of mass flow across the membrane are func-
tions of the stack current and relative humidity of the gasinside
the anode and cathode flow channels.

The water transport across membrane is achieved through
two distinct phenomena (Nguyen, 1993; Springer, 1991). First,
the electro-osmotic drag phenomenon is responsible for the wa-
ter molecul es dragged across the membrane from anode to cath-
ode by the hydrogen proton. The amount of water transported
is represented by the electro-osmotic drag coefficient, ng, which
is defined as number of water molecules carried by each proton.
Second, the gradient of water concentration across the membrane
due to the difference in humidity in anode and cathode gases
causes “back-diffusion” of water from cathode to anode. We
approximate the water concentration, cy, gradient in the mem-
brane to be linear over the membrane thickness, t,,,. Combining
the two water transports, the water flow across the membrane can
be written as (assuming positive in the direction from anode to
cathode)

[ Cvca— Cy,
W membr= MyAtcn <nd_ - DWM> . (25)

F tm
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The coefficients ng and Dy, vary with water content in the mem-
brane, A, which depends on the water content in the gas next to
the membrane.

The membrane water content, A, is calculated using the
membrane water activity, am, which is an average of water activ-
ities of the gas in the anode and the cathode, aj = Xy Pi/ Psati =
Pvi/ Psati, | = [an,cal:

- { 0.043+ 17.81a; — 39.85a? + 36.0a% , 0 < & < 1

14+ 1.4(a—1) ,1<a <3 (26)

Note that in the case of gas the water activity, a;, is equal to the
relative humidity ¢;. The electro-osmotic and diffusion coeffi-
cients are calculated by

Ng = 0.0029A2 + 0.05Aj, — 3.4 x 10~ 1° (27)
and
Dy = Dy exp (2416 [ —— — - (28)
w=DASp 308 Tr.
where
106 JAm< 2
—6 _
Dy — 10°5(1+2Am—2)) ,2<Am<3 29)

1075(3—-1.67(Am—3)) ,3<Am < 4.5
1.25x 10~ ,Am> 4.5

and Ti. is the fuel cell temperature. The water concentration
at the membrane surfaces, Cyan and Cyca, are functions of water

content on the surface, Aan and Aca, Specifically, cyj = ,f,’,’"m‘(‘;ryy)\.

i = [an,ca) where pmdry (kglem?®) is the membrane dry density
and My, gry (kg/mol) is the membrane dry equivalent weight. The
surface water contents Agn and Acq are calculated using equa-
tion (26) from ag, and aca, respectively. These equations are de-
veloped based on experimental results measured for Nafion 117
membranein (Springer, 1991).

4 Return Manifold Model

Unlikethe supply manifold where temperature changes need
to be accounted, the temperature in the return manifold, Ty, is
assumed constant and equal to the temperature of the flow leav-
ing the cathode. The return manifold pressure, pym, iS governed
by the mass conservation and the ideal gas law through isother-
mic assumptions.

d&% = %(Wca,out —VVrm,out) (30)

The nonlinear nozzle equations (32)-(33) are used to calculate
the return manifold exit air flow rate, Wymout, as a function of
the return manifold pressure and back-pressure valve opening
area, At.
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Figure 8. System net power at different stack current and oxygen excess
ratio

5 Analysis

The net power, Pnet, Of the fuel cell system is the difference
between the power produced by the stack, Ps;, and the parasitic
power required to run the auxiliary components. The majority of
the parasitic power is caused by the air compressor. Therefore,
it is the only parasitic loss considered in this study. For certain
stack current, the stack voltage increaseswith increasing air flow
rate to the stack since the cathode oxygen partial pressure in-
creases. The excess amount of air flow provided to the stack is
normally indicated by the term oxygen excessratio, A ,_, defined
as aratio of oxygen supplied to oxygen used in the catﬁode, ie
W, in /Woz,ract. High oxygen excess ratio, and thus high oxygen
partial pressure, improves Ps; and Pret. However, after an opti-
mum value of A _, further increase will cause excessive increase
of compressor power and thus deteriorate the system net power.
To study the optimal value of A 0,0 WE plot steady-state values of
)\02 and Py for different | ¢ as shown in Figure 8. For the current
fuel cell system, the highest net power is achieved at an oxygen
excess ratio between 2 and 2.4 depending on the stack current. It
is therefore desired to control theair flow toA, = 2.

The parameter values that represent the effect of membrane
humidity to the fuel cell voltage in equations (13) and (14) are
obtained from the existing literature and it correspondsto differ-
ent membrane from the one used in the fuel cell considered in
this paper. Using these coefficients in the model results in dehy-
dration of anode side. It is therefore more reasonable to assume
that there is another way to humidify the membrane and con-
sider only the effect of air supply system with the membrane
fully hydrated. This is an appropriate assumption since there
are industrial efforts to redesign the fuel cell components to ad-
dress the membrane humidity problem by passive means. It is
also assumed that the anode and cathode flow enter the stack at
100%RH and 50%RH, respectively, and both are at 80°C.
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Figure 9. Simulation results of the fuel cell system model for a series of
input step change

The results of simulation of vehicle propulsion sized (75
kW) fuel cell system are shown in Figures 9-10. A series of step
changesin stack current is applied as an input (Figures 9(a)). A
series of compressor motor input voltage (Figures 9(b)) that give
different level of steady-state oxygen excess ratio (Figures 9(e))
is also applied. During a possitive current step, oxygen excess
ratio drops (Figures 9(e)) due to depletion of oxygen. This, in
turn, causes significant drop in the stack voltage as shownin Fig-
ures 9(c). If the compressor voltage responses instantaneously
during current step (at 2, 6, 10 and 14 seconds), there is still a
transient effect in the stack voltage, and consequently in the stack
power and net power (Figures9(c)), asaresult of thetransient be-
havior in oxygen partial pressure (Figures 9(f)). The step at time
18 second shows the response of stepping the compressor input
while keeping constant stack current. An opposite case is shown
a the time 22 second. The steady-state response at 16 and 20
seconds show the effect of running the system at A o higher than
optimum value. It can be seen in Figures 9(c) that even though
the stack power increases, the net power decreases due to the

high power drawn from the compressor motor. Figure 10 shows
the fuel cell response on the polarization map at 80°C. Similar
result is obtained in the experiment of fuel cell load switching
presented in (Laurencelle, 2001). Figure 11 shows the voltage
response when consider the humidity of the membrane.
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Figure 10. Fuel cell response on polarization curve. Solid line assumes
fully humidified membrane. Dashed line represents drying membrane
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Figure 11. Voltage response comparing fully humidified membrane and
drying membrane

A transient step change in stack current requires rapid in-
crease in air flow to prevent depletion of cathode oxygen. This
requires alarge amount of power drawn by the compressor mo-
tor and thus increases parasitic loss, which affects the system
net power. A control problem can be formulated by defining de-
sign objective to control the compressor motor voltage, Vem, in
order to reduce A, excursions from the desired )\gzes: 2 and
achieve the desired system net power transient response. Fig-
ure 12 shows the control problem formulation. The stack current
is viewed as an externa input. The control input is the com-
pressor motor voltage. The two performance variables are A 0
and Pnet. Measurements include compressor flow rate, supply
manifold pressure and stack voltage. The nonlinear model islin-
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earized around 40 kW net power according to the input-output in
Figure 12. Theresulting linear system exhibits a non-minimum
phase (NMP) relation between the input vy, and the output Pret.
This corresponds to the fact that compressor motor is powered
by the fuel cell stack, Figure 13. The non-minimum phase rela-
tion limits the performance of the control and results in transient
tradeoff between )\02 and Pyet, as studied in (Pukrushpan, 2002).
Furthermore, the location of NMP zero varies for different sys-
tem operating points as illustrated in Table 1 for different net
power and Table 2 for different oxygen excessratio. This varia-
tion needs to be taken into account when ones use linear control
techniques to develop system controllers. In Table 2, as we in-
crease the oxygen excess ratio over the optimal value (illustrated
in Figure 8), the linearization results in a minimum phase sys-
tem with negativegain (in dB). This change in behavior is dueto
deteriorating effect of excessive compressor power.

PFC Pnet

Fuel Cell Stack
Figure 13. Schematic of the underlying principle behind the non-

minimum phase behavior

Table 1. Location of NMP zeros at different operating net power and for
constant oxygen excess ratio )\02 =2

Pret (kW) | 30 38 40 41 42 45 50
ZNMmP 055 | 063 | 0.64 | 0.69 | 0.27 | 0.19 | 0.12

6 CONCLUSION
Models of main components of control-oriented fuel cell
system model have been developed using physical principle

Table 2. Location of NMP zeros at different )\02 (Ist = 190A)

Ao, | NMPzero | DC Gain (dB)
15 181 0.113
18 1.06 0.074
20 0.63 0.049
21 0.14 0.011
2.2 na -0.001
25 na -0.030
Table 3. Model parameters
Variables | Value | Variables Value
n 38Lcells | Pmary 0.002 kg/cm3
Atc 280cm? | Mmgry 1.1 kg/mol
Van 0.005 m? tm 0.01275 cm
Vea 0.01 m3 Jep 5x 1075 kg-m?
Vsm 0.02m3 | kemout | 0.36x 1075 kg/(sPa)
Vim 0.005m3 | Keaout | 0.22x10~°kg/(sPa)
Cormout | 0011 | Armout 0.002 m?

and simulation results are presented. The transient phenom-
ena of flow characteristics and inertia dynamics of the compres-
sor, manifold filling dynamics and time-evolving reactant partial
pressure and membrane humidity are captured.

The parameter values used in the model are obtained from
publications but there is little information on experimental tran-
sient behavior of fuel cell or fuel cell systems. With additional
experimental results, the coefficients can be adjusted and the
model will be ableto moreaccurately representing areal fuel cell
system. The model, although, not fully validated, it captures the
intrinsic breathing dynamics of pressurized fuel cell stack. Tran-
sient experimental datawill be used in the future to calibrate the
membrane hydration constants and devel op amodel representing
the effect of membrane water flooding.
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W= knozzle(pu - pd) (34)
where Knozzlei'S a constant.

Typically, air flow propertiesare given in terms of total mass
flow rate, W, pressure, p, temperature, T, relative humidity (RH),
¢, and dry air oxygen mole fraction, x,_. The total mass flow
rate, W, is calculated based on upsteam and downsteam pressure
using alinearized nozzle equation (34) for the cathodeinlet flow.
The humidity ratio isfirst used to separate the total flow rateinto
the flow rates of vapor and dry air. Then, the dry air flow rateis
divided into oxygen and nitrogen flow rates using the definition
of X, .

,&ssumi ng ideal gases, the vapor pressureis calculated from
the definition of the relative humidity

Pv = PPsa(T) (35)
where psai(T) is vapor saturation pressure which is a function
of gastemperature. Since humid air is a mixture of dry air and
vapor, the dry air partia pressure is therefore the difference be-
tween total pressure and vapor pressure p; = p— py. The humid-
ity ratio, w, defined as a ratio between mass of vapor and mass
of dry air in the gas can be calculated as

w= P

= 36
Ma pPa (30)

where My, and M, are vapor molar mass and inlet air molar mass,
respectively. The molar mass of air, M5, depends on the compo-
sition of the air and can be calculated from dry air oxygen mole
fraction:

Ma = X,, X M02+(1—x02) X My, (37)
where M and MN2 are the molar mass of oxygen and nitrogen,
respectivefy. The oxygen mole fraction, X, is0.21 for inlet at-
mospheric air but variesfor stack exit air. Based on the definition
of the humidity ratio, the flow rate of dry air and and vapor are

_ 1
T 1ltw
W, =W -W,

(39)
(39)

and the oxygen and nitrogen mass flow rate can be calcul ated by

(40)
(41)

W02 = y02 W,
WN2 = (1 - y02 )Wa

where, y,_, defined by Yo, = Mo, /Mdryair, iS the oxygen mass
fraction which is afunction of dry air oxygen mole fraction, Xo,-

12

X02 x MOz

= 42
X02XM02+(1_X02)XMN2 (42)

Yo,

Note again that x,_ is constant for atmospheric air and variesfor
the stack outlet flow.

The calculation of hydrogen and vapor flow rates into the
anode is similar to that of the air into the cathode, with the sim-
plification that the anode gas contains pure hydrogen and vapor
(xHZ = 1). The calculation can aso be applied to reformated hy-
drogen feed by modifying the hydrogen mole fraction in the re-
formed gas stream to the anode.
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