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Fuel Cells are electrochemical devices that convert the chemical energy of a gaseous fuel
Anna G. Stefanopoulou directly into electricity. They are widely regarded as a potential future stationary and
) mobile power source. The response of a fuel cell system depends on the air and hydrogen
Automotive Research Genter, feed, flow and pressure regulation, and heat and water management. In this paper, we
Department of Mechanical Engineering, develop a dynamic model suitable for the control study of fuel cell systems. The transient
University of Michigan, phenomena captured in the model include the flow and inertia dynamics of the compres-
Ann Arbor, Michigan 48109-2125 sor, the manifold filling dynamics (both anode and cathode), reactant partial pressures,
and membrane humidity. It is important to note, however, that the fuel cell stack tempera-
ture is treated as a parameter rather than a state variable of this model because of its long
time constant. Limitations and several possible applications of this model are
presented[DOI: 10.1115/1.1648308
1 Introduction Despite a large number of publications on fuel cell modeling,

Fuel cell stack systems are under intensive development ]r&latlvely few are suitable for control_ st_udles_. Many pu_bllcatlons
mobile and stationary power applications. In particular, Protdgget the fuel cell performance prediction with the main purpose
Exchange MembranéPEM) Fuel Cells(also known as Polymer Of designing cell components and choosing fuel cell operating
Electrolyte Membrane Fuel Cellsre currently in a relatively points[3—6]. These models are mostly steady-state, analyzed at
more mature stage for ground vehicle applications. Recent dhe cell level, and include spatial variations of fuel cell param-
nouncements of GM “AUTOnomy” concept and federal prograneters. They usually focus on electrochemistry, thermodynamics
“FreedomCAR” are examples of major interest from both theind fluid mechanics. These models are not suitable for control
government and automobile manufacturers regarding this alterj@adies. However, they do provide useful knowledge about the
tive energy conversion concept. _ _ operation of fuel cell stacks. On the other end of the spectrum,

To compete with existing internal combustion engines, fuel C%any steady-state system models were developed for component

systems must operate at Sim"f’” levels of performance. Transi% ing [7,8], and cumulative fuel consumption or hybridization
behavior is one of the key requirements for the success of fuel ce di s[9’ il] H th heat h d fuel cell
vehicles. Efficient fuel cell system power production depends udies S—L1. Here, the compressor, heat exchanger and fuel ce

proper air and hydrogen feed, and heat and water managemé&Fick voltage are represented by look-up tables or efficiency maps.
During transients, the fuel cell stack breathing control system sually, the only dynamics considered in this type of models is
required to maintain proper temperature, membrane hydra“dh’e vehicle inertia, and sometimes fuel cell stack temperature. The
and partial pressure of the reactants across the membrane to at@iaperature dynamic is the focus of several publicatjd2s-14.
degradation of the stack voltage, and to maintain high efficiendany of these papers focus on the startup period, during which
and long stack life[1]. Creating a control-oriented model is athe stack operating temperature needs to be reached quickly. A
critical first step for the understanding of the system behavior, afsly publicationg2,15,14 include the dynamics of the air supply
the subsequent design and analysis of model-based conggdtem and their influence on the fuel cell system behavior.
systems In this paper, a dynamic fuel cell system model suitable for

Models suitable for control studies have certain attributes. IMyntrol studies is presented. The transient phenomena captured in

portant characteristics such as dynarfiransien] effects are in- the model include the flow and inertia dynamics of the compres-

cluded while effects such as spatial variation of parameters §C5r, the manifold filling dynamicéboth anode and cathogend

dynamic variables are discretized, lumped, or ignored. In this p b humiditv. Th bl ﬁ he fuel cell Vol
per, only dynamic effects that are related to automobile operatioh§MPrane humidity. These variables affect the fuel cell stack volt-

are inciuded in the model. The extremely fast electrochemic®®: and thus fuel cell efficiency and power. Unlike other models
reactions and electrical dynamics have minimal effects on auth-the literature where a single polarization curve or a set of po-
mobile applications and thus are neglected. The transient behaV@ization curves under different cathode pressure is used, the fuel
due to manifold filling dynamics, membrane water content, supegell polarization curve used in this paper is a function of oxygen
charging devices, and temperature may impact the behavior of #red hydrogen partial pressure, stack temperature, and membrane
vehicle[2], and should be included in the model. However, sinogater content. This allows us to assess the effects of varying oxy-
the stack temperature is much slower compared with other dyen concentration and membrane humidity on the fuel cell volt-

namic phenomena, it could be simulated and regulated with §ge  which is necessary for control development during transient
own (slowep controller. The temperature is thus treated as a PBperation.

rameter in the model. The current status of the fuel cell industry and research is

< g thor: Department of Mechanical Endineering. Universit hfighly secretive. Therefore, we are not able to obtain test data to
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Fig. 1 Automotive fuel cell propulsion system

2 Fuel Cell Propulsion System for Automobiles prevent dehydration of the fuel cell membrane. The water used in

A fuel cell stack needs to be integrated with several auxiliart%e humidifier is supplied from the water tank. Water level in the
i
W

components to form a complete fuel cell system. The diagram nk is maintained by collecting water generated in the stack,
Fig. 1 shows an example fuel cell system. The fuel cell stack i'|§ ich is carried out with the air flow. The excessive heat released

- ; the fuel cell reaction is removed by the cooling system, which
augmented by four auxiliary systen(g hydrogen supply system, circulates deionized water through the fuel cell stack and removes

(i) air supply system(iii) cooling system, andv) humidification . S i
system. In Fig. 1, we assume that a compressed hydrogen tanF(h,es excess heat via a heat exchanger. Power conditioning is usu

used. The control of hydrogen flow is thus achieved simply b%Iy needed since the voltage of fuel cell stack varies significantly.
controlling the h_yd_rogen supply valve to rt_aach the de_sired flow ¥ Fuel Cell System Model
pressure. The air is assumed to be supplied by an air compressor,
which is used to increase the power density of the overall systemIn this paper, we will not present a model that includes all
Figure 1 shows an external humidification system for both anoggb-systems shown in Fig. 1. Rather, the problem is simplified by
and cathode gases. PEM fuel cells without any external humidifissuming that the stack temperature is constant. This assumption
cation have also been studiéelg.,[4]). Special membranes canis justified because the stack temperature changes relatively
be used in “self-humidification” designgl7]. In contrast to these slowly, compared with the-100 ms transient dynamics included
other methods, external humidification usually provides higher aiit-the model to be developed. Additionally, it is also assumed that
thority and better performance, albeit at higher system complexifye temperature and humidity of the inlet reactant flows are per-
and cost. fectly controlled, e.g., by well designed humidity and cooling sub-
The power of the fuel cell stack is a function of the currengystems.
drawn from the stack and the resulting stack voltage. The cell The system studied in this paper is shown in Fig. 2. It is as-
voltage is a function of the stack current, reactant partial pressigémed that the cathode and anode volumes of the multiple fuel
inside each cell, cell temperature and membrane humidity. In tiiglls are lumped as a single stack cathode and anode volumes. The
paper, we assume that the stack is well designed so that all c@i®de supply and return manifold volumes are small, which al-
perform similarly and can be lumped as a stack. For example, all
the cell temperatures are identical, and thus we only need to keep

track of the stack temperature; if starvation or membrane dehy- W I Ig

dration exists, it occurs simultaneously in every cell and thus all “p/Tu"ppF\__\ : :

cells are represented by the same set of polarization curves. Thi L Manifold mees- ) 4y

assumption of invariable cell-to-cell performance is necessary for (SM) Il

low-order system models. Cooler & : :
As electric current is drawn from the stack, oxygen and hydro- COmPpressor  pumidifier /=~

gen are consumed, and water and heat are generated. To mainta (CF) Weain

the desired hydrogen partial pressure, the hydrogen needs to b
replenished by its supply system, which includes the pressurizec
hydrogen tank and a supply servo valve. Similarly, the air supply (CA)
system needs to replenish the air to maintain the oxygen partia
pressure. The air supply system consists of an air compressor, a
electric motor and pipes or manifolds between the components.
The compressor not only achieves desired air flow but also in- ]
creases air pressure which significantly improves the reaction rate W 1
at the membranes, and thus the overall efficiency and power den m,out Retum = o)
sity. Since the pressurized air flow leaving the compressor is at & <= Manifold (1

higher temperature, an air cooler may be needed to reduce the
temperature of the air entering the stack. A humidifier is used to  Fig. 2 Simplified fuel cell reactant supply system
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Fig. 3 Fuel cell stack block diagram

Fig. 4 Fuel cell polarization curve fitting results at 80°

lows us to lump these volumes to one “anode” volume. We de-

note all the variables associated with the lumped anode volume.. . .

with a subscriptan). The cathode supply manifolgm) lumps all  actVe aréairc=ls/As. Under the assumption that all cells are

the volumes associated with pipes and connection between l[ﬂ ntical, the stack voltage can be calculated by multlpl)ﬁng the

compressor and the stack catho@a flow field. The cathode cell voltage,vrc, by the number of cellsy, of the stack ¢s=n

return manifold (rm) represents the lumped volume of pipe Ufﬁ 'f | cell volt . lculated usi binati f Dhvsi

downstream of the stack cathode. In this paper, an expander is ng € Iuel cell voltage IS calculated using a combination of physi-

included; however, one will be added in future models. It is a&?® and empirical relationships, and is given (0]

sumed that the properties of the flow exiting a volume are the

same as those of the gas inside the volume. Subsddptsand

(cm) denote variables associated with the compressor and cowhkereE is the open circuit voltage angl,¢;, vopm andvgon are

pressor motor, respectively. activation, ohmic and concentration overvoltages, which represent
The rotational dynamics and a flow map are used to model thsses due to various physical or chemical factors. The open cir-

compressor. The law of conservation of mass is used to track it voltage is calculated from the energy balance between the

gas species in each volume. The principle of mass conservatiomgactants and products, and the Faraday Constant, 484l is

applied to calculate the properties of the combined gas in the

supply and return manifolds. The law of conservation of energy is E=1.229-8.5x10"*(T(,—298.15

applied to the air in the supply manifold to account for the effect 1

of temperature variations. The model is developed primarily based +4.3085< 10 5T In(py.) + = In(po.)|  (Volts) (2)

on physics. However, several phenomena are described in empiri- 22 2

cal equations. In the following sections, models for the fuel cell

stack, compressor, manifolds, air cooler and humidifier a

presented.

Vic=E~Uact= Uohm™ Vconc 1

here the fuel cell temperaturg is expressed in Kelvin, and
réactant partial pressures, and Po, are expressed in atm.

) ) The activation overvoltage,,.;, arises from the need to move
3.1 Fuel Cell Stack Model. The electrochemical reaction atelectrons and to break and form chemical bonds at the anode and
the membranes is assumed to occur instantaneously. The fuel egthode19]. The relationship between the activation overvoltage

stack (st) model contains four interacting sub-models: the stagnd the current density is described by the Tafel equation, which
voltage model, the anode flow model, the cathode flow model, apdapproximated by

the membrane hydration mod@lig. 3). We assume that the stack .

temperature is constant at 80°C. The voltage model contains an Vact=Uotvg(1—e 1) 3)
equation to calculate stack voltage based on fuel cell pressure, o

temperature, reactant gas partial pressures and membrane hurhit activation overvoltage depends on temperature and oxygen
ity. The dynamically varying pressure and relative humidity of thBartial pressurg3,20]. The values ofv,, v, andc, and their
reactant gas flow inside the stack flow channels are calculated®@Pendency on oxygen partial pressure and temperature can be
the cathode and the anode flow models. The process of Waqig,termlned_from nonlinear regression of experlmental data.
transfer across the membrane is governed by the membrane %The ohmic overvoltage;onm, arises from the resistance of the

dration model. These subsystem models are discussed in the R{llymer membrane to the transfer of protons and the resistance of
lowing sub-sections. the electrodes and collector plates to the transfer of electrons. The
voltage drop is thus proportional to the stack current
3.1.1 Stack Voltage Model.The stack voltage is calculated
as a function of stack current, cathode pressure, reactant partial Uohm=1"Rohm (4)
pressures, fuel cell temperature and membrane humidity. T?

current-voltage relationship is commonly given in the form of th Re resistanceRysm, depends strongly on membrane humidity

polarization curve, which is plotted as cell voltagg., versus .21] and cell tempera_turéZZ]. The _ohmlc resistance Is propor-
cell current densityi,. (see Fig. 4 for an exampleSince the fuel tional to membrane_thlckne$§ and |nversel)ilproport|c_)nal to the
cell stack consists of multiple fuel cells connected in series, thaembrane conductivityrm(Am, Tre) (2-cm)™ [6,23] i.e.,

stack voltageps;, is obtained as the sum of the individual cell

voltages; and the stack curreit,, is equal to the cell current. Rohm:t_m (5)
The current density is then defined as stack current per unit of cell Om
16 / Vol. 126, MARCH 2004 Transactions of the ASME
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where\ ,, represents the membrane water content. The membraneluded. An equation to approximate the concentration losses is
conductivity is a function of membrane humidity and temperatugiven by|[2]
in the form[6]

i \c
1 1 =i ( C —~) 7

7= (s bron] b s 7] | ©) Veone!| o @
where the value of,,, by; andb,, for the Nafion 117 membrane Wherec,, ¢; andin,y are constants that depend on temperature
[6] are used, and, is adjusted to fit our fuel cell data. Theand reactant partial pressure and can be determined empirically.
calculation of\,, is given in Section 4.1.4. Its value varies be- The coefficients in Equation@) and(7) are determined using
tween 0 and 146], which correspond to relative humiditRH) of nonllnear regression with polarization data from an automotive
0% and 100%, respective[23]. propulsion-sized PEM fuel cell stadk]. By assuming that the

The concentration overvoltage,.,,., results from the in- data is obtained from the fuel cell stack operating under a well-
creased loss at high current density, e.g., a significant drop dantrolled environment, where cathode gas is fully humidified and
reactant concentration due to both high reactant consumption anggen excess ratifratio of oxygen supplied to oxygen reacted
head loss at high flow rate. This term is ignored in some models,regulated at 2, the pressure terms in the activation and concen-
e.g.,[24], perhaps because it is not desirable to operate the stdrition overvoltage terms can be related to oxygen partial pres-
at regions where ., is high (efficiency is low. If the stack will  sure, po,, and vapor saturation pressungy,.. The regression
operate at high current density, however, this term needs to fesults are

vo=0.279-8.5X 10" 4(T;,—298.15 +4.3085< 10 T,

In Pca— psat) 4 Eln 0-1173 Pca— psaL)
1.01325) 2 1.01325

2
Po,

0.1173" Psat

va=(—1.618<10 5T+ 1.618X 10—2)( +(1.8X10 *T¢— 0.166(

02
01—173+psat
+(—5.8X10 *T;,+0.5736

c;=10, €3=2, ina=2.2
b;;=0.05139, b;,=0.00326, b,=350

Po
_ -3 o2
+(—1.45x10 °T¢.+1.69), if 0_1173+ Psar<2 atm

0

— 4 _ 2
(7.16X10 Ty, 0.623<—0.1173+ Psat
Co=

8
+(—1.6X107*T(,+0.54, else

_ 2
(8.6@( 10 Sch— 0-068<m+ Psat

The predicted voltage and experimental dataTgr=80°C and shows fuel cell polarization curves for a membrane water content

various cathode pressure is shown in Fig. 4. Results at other tean100% and 50%. The model predicts significant reduction in fuel

peratures(between 40°C and 100jGll have similar accuracy. cell voltage due to change in the membrane water content, which

Based on the stack model developed above, the effect of meiltustrates the importance of humidity control. It should be noted

brane water content on cell voltage is illustrated in Fig. 5, whicihat oversaturatedflooding conditions will cause condensation
and liquid formation inside the anode or the cathode, which leads
to voltage degradatiof25]. This effect is currently not captured in

1.2 T T T T T T T our model. Note also that the coefficients in Equati@ are

derived from experimental data for a specific stack. To model a

1} 1 different stack, the same basis functions in Equati@ps(7) may

be used but the coefficients need to be determined using data from

the new stack.

o
©

3.1.2 Cathode Flow Model. This model captures the cathode
air flow behavior, and is developed using the mass conservation
principle and the thermodynamic and psychrometric properties of
air. Several assumptions are madg:All gases obey the ideal gas
law; (2) The temperature of the air inside the cathode is equal to
o the stack temperaturéd) The properties of the flow exiting the
cathode such as temperature, pressure, and humidity are assumed
to be the same as those inside the cathédeyWhen the relative
T T T 0 E h_umidity of the_ gas exceeds 100%, vapor condenses int_o th_e lig-

=T GareiDenstyiley 00 uid form. The liquid water does not leave the stack and will either
evaporate when the humidity drops below 100% or accumulate in

Fig. 5 Effect of membrane water content  (100°C and 2.5 bar air the cathode;(5) finaIIy, the flow channel and cathode backing
pressure ) layer are lumped into one volume, i.e., the spatial variations are

Cell Voltage (V)
o
[s2)

o
=

0.2}

0
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Pem

i dmy,
T, | Orifice lvca dt :WHZ,in_WHz,out_WHz,reacted (12)
Wa,ou
W,
3,00t d rn\N an
Qe Flow :Ci dt =W, anin~ Wy an,0ut™ Wy membr 13)
Calculations Yo
Wao,ca,out | Wi caout { Wy, Pea . . .
’ ) Yol P In this model, pure hydrogen gas is assumed to be supplied to the
o P X o — . anode from a hydrogen tank. It is assumed that the hydrogen flow
cain w Wy o My ca i 0,0 . . . h .
Propertes |z | CFRELIES s e - rate can be instantaneously adjusted by a valve while maintaining
— - a minimum pressure difference across the membrane. This has
Worsrs Wosnoon | Wocaremns been achieved by using a high gain proportional controller, dis-
— . . cussed in Section 4.7, to control the hydrogen flow rate such that
lectro- st st
Chemistry the anode pressur@,,, tracks the cathode pressum,,. The
inlet hydrogen flow is assumed to have 100% relative humidity.
Wmerer The anode outlet flow represents possible hydrogen purge and is

currently assumed to be OAy,,,;=0). The anode hydrogen
temperature is assumed to be equal to the stack temperature. The
rate of hydrogen consumed in the reactid},, reactea. is a func-

Fig. 6 Cathode flow model

ignored. The mass continuity is used to balance the mass of {1 of the stack current
three elements—oxygen, nitrogen and water, inside the cathode

volume. Nlst
WHz,reacted: MHZXE (14)
do, =Wo, in—Wo, our— W,
dt ~ '0zin 0O,.0ut ¥Y0O, reacted whereMy, is hydrogen molar mass.
dmN2 3.1.4 Membrane Hydration Model.The membrane hydra-
T =Wh,in—~Wn, out tion model captures the effect of water transport across the mem-
brane. Both water content and mass flow are assumed to be uni-
dmy, ca form over the surface area of the membrane, and are functions of
gt~ Wocain™ Wi cain™Wo.caout Wo cagent Wy memor  Stack current and relative humidity of the gas in the anode and
©) cathode.

The water transport across the membrane is achieved through
Using the masses of oxygem,,, nitrogen,my,, and waterm,,,  two distinct phenomen#6,23. First, the electro-osmotic drag
and the stack temperatur&,,, we use the ideal gas law andphenomenon is due to the water molecules dragged across the
thermodynamic properties to calculate oxygen, nitrogen and vagoembrane from anode to cathode by the protons. The amount of
partial pressurepo,, Pn, Pucas Cathode total pressurgc, }/_va_\ter transpohr_ter? is p()jrofporgonal Lo the elgctro}osmotlc dr?g cloef-
- ; i ; icient, ng, which is defined as the number of water molecules
Po, + PN, * Py ca, relative humidity, éca, and dry air oxygen carried bi/ each proton. Secondly, the gradient of water concentra-

mole fraction,yo, ca, Of the cathode flow. If the calculated Watertio_n across the membrane results in “back-diffusion” of water,

mass is more than that of the saturated state, the extra amounjdgally from cathode to anod@6]. The water concentratiow, ,

assumed to condense to liquid form instantaneously. Figure 6i§-assumed to change linearly over the membrane thickigss,

lustrates the cathode model in a block diagram format. ~ Combining the two water transport mechanisms, the water flow
The inlet(in) and outlet(out) mass flow rate of oxygen, nitro- 5cross the membrane from anode to cathode is

gen and vapor in Equatiof®) are calculated from the inlet and

outlet cathode flow conditions using thermodynamic properties.

The detailed calculations are given in Appendices A and B. The W, memb= M, A¢cn
cathode inlet flow rate and condition are calculated in the humidi-

fier model(Section 4.5. A linearized nozzle equatio®4) is used
to calculate the cathode exit flow rat®, ,... Electrochemistry
principles are used to calculate the rates of oxygen consumpti
Wo, reacted: @nd water productionlV,, ¢, gen, from the stack cur-

ndI st D Cy.ca” Cyan
F w

(15)

tm

The coefficientsng and D,, vary with membrane water content,
, which is calculated from the average of the water content at
e anode X,,) and cathode X.,). A,, and A\, are calculated
from the membrane water activity; =Y, iPi /Psati =Py i /Psat;i :

rentlg: i e[an,ca], from the following equation:
Nl
Wo, reacted™ M02X4—; (10) 0.043+17.81a,—39.8%7+36a°, 0<a;=<1
= 14+ 1.4a,—1) 1<a<3 10
Aa— as<
Nlg; ! ' :
W =M X—=—= 11
veagen vt 2R (11) The electro-osmotic and diffusion coefficients are calculated from

whereF is the Faraday Constaiit=96485 Coulombsand Mo2 [26]
andM, are the molar masses of oxygen and water, respectively.
The water flow rate across the membraWg, ,empr, iN Equation

(9) is calculated from the membrane hydration model in Sectioa{hd
4.1.4.

ng=0.00293+0.05,—3.4x 10 ° 7

3.1.3 Anode Flow Model. This model is quite similar to the 1 1
cathode flow model. Hydrogen partial pressure and anode flow D.=D) exp 241 303 T (18)
- . . fc
humidity are determined by balancing the mass of hydrogqa@,

and water in the anodey, an - where
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T T =T.. + Tatm ( Psm =l
P tatm Mep L\ Patm
3.3 Supply Manifold Model. The cathode supply manifold
(SM) includes pipe and stack manifold volumes between the com-
pressor and the fuel cells. The supply manifold pressug, is
governed by mass continuity and energy conservation equations

-1

(23)

Pressure Ratio

dmsp,
dt :ch_Wsm,out (24)
1.5F %
e —— dpsm  YRa
1 10 kRPM 100 KRPM dt = Vsm (WCDTCpiwsrTIOuthm) (25)
"o ooT ooz oo oo Flaﬁ'?ig,se‘é;‘m o5 oo 000 o whereR, is the air gas constant, is the supply manifold vol-
ume, andT,, is the temperature of the flow inside the manifold
Fig. 7 Compressor map calculated from the ideal gas law. The supply manifold exit flow,

Wamout, IS calculated as a function qds, and p, using the
linearized nozzle flow equation shown in Appendix A.

3.4 Static Air Cooler Model. The air temperature leaving

10°¢, Ap<2 the compressor is usually high due to the increased pressure. To
—6 _ <)\ < prevent the fuel cell membrane from damaging, the air may need
D,= 1071 +2(hn=2), 2=An<3 (19) to be cooled down before it is sent to the stack. In this study, we
10%(3-1.67\p—3)), 3<\,<45 assume that an ideal air cool@L) maintains the temperature of
1.25¢10°6 N =45 the air entering the stack &t,;=80°C. Further, it is assumed that

the pressure drop across the cooler is negligiplgs psm- The
andTy, is the fuel cell temperature. The water concentration at theimidity of the gas exiting the cooler is then calculated from
membrane surfaces, ., andc, ,,, are functions of water con-
tent on the surface,\.,; and \,,. Specifically, c,; Py.cl PciPy.atm PeiPatmPsat Tatm)
= PmdryMi /Mm.ary , T=[an,caj whereppgry (kglcm’i) is the dry Per= Psal Ter) - PatmPsat Ter) - PatmPsal Tcl) (26)
membrane density an¥l, 4, (kg/mol) is the membrane dry
equivalent weight. These equations are developed based on wkere¢,;»= 0.5 is the assumed ambient air relative humidity and
perimental results measured for Nafion 117 membraf8]irDur-  p,,([) is the vapor saturation pressure.

ing the last decade, PEM membranes have evolved tremendouslg 5 Static Humidifier Model.  Since we assume that the in

2nd the empiical Cauallors) (19 may 0 onge b 2 9900 v is humfied t th desred rlaive numdiy before ter-
mation about newer membranes is not available in the literature/ad the stack, a static humidifier model is needed to calculate the
the time this paper is written. required water that net_eds to be mjected_lnto the air. Additionally,
the model also determines the changes in total flow rate and pres-
3.2 Compressor Model. A lumped rotational model is used sure due to the added water. The temperature of the flow is as-
to represent the dynamic behavior of the compressor, sumed constant. The water injected is assumed to be in the form
of vapor. The amount of vapor injected is calculated from the
(20) Vapor flow at the cooler outlet and the required vapor flow for the
desired humiditygy.s. Based on the condition of the flow exiting
the coolerWy(Wsmout:Per» Ter» écr), the dry air mass flow rate,
..cl» the vapor mass flow rat®y, ., and the dry air pressure,
Paci . are calculated using Equatio(B1)—(B5). The flow rate of
vapor injected is then calculated from

do
‘]cp_cp =Tem™ Tep
dt

where 7. (vem, @cp) is the compressor motdlCM) torque and
7¢p IS the load torque to be explained below. The compress
motor torque is calculated using a static motor equation

ke
Tem— 77cm§n(vcm_ kvwcp) (21) W _Mu daePsal Ter)
vini ™ Ma pa,cl

Wa,cl_wu,cl (27)

wherek;, R., andk, are motor constants ang., is the motor
mechanical efficiency. The torque required to drive the compreghereM, and M, are molar mass of vapor and dry air, respec-

sor is calculated using the thermodynamic equation tively. The cathode inlet flow rate and pressure g, j, =W,
Cp Taun! [ Pem (y=1ly +Wv,inj andpegin=Pa,ci+ PdedPsal Tel) -
Tcp:w_cp Tep (patm) —1|Wep (22) 3.6 Return Manifold Model. Unlike the supply manifold,

) ) N ) ) where temperature changes need to be considered, the temperature
wherey is the ratio of the specific heats of di=1.4), C; is the in the return manifoldT,,, is assumed constant and equal to the
constant-pressure  specific heat capacity of di#1004 temperature of the flow leaving the cathode. The return manifold
J-kg 1K™, 7., is compressor efficiencypsy, is the pressure pressurep,,, is governed by the mass conservation and the ideal
inside the supply manifold angl;,, andT,;,, are the atmospheric gas law through isothermal assumptions.
pressure and temperature, respectively.

A static compressor map is used to determine the air flow rate dprm  RaTem
through the compressaty,,. The compressor flow characteristic ar V—rm(Wcavout_ Wim,out) (28)
Wep(Psm/Patm»@cp) is modeled by the Jensen and Kristensen
nonlinear curve fitting metho@7], which represents the com- The nonlinear nozzle equatiori82)—(A3) are used to calculate
pressor data very well as shown in Fig. 7. The compressor mode¢ return manifold exit air flow rat&V,, ¢, as a function of the
used here is for an Allied Signal compresg@8]. Thermody- return manifold pressure and back-pressure valve opening area,
namic equations are used to calculate the exit air temperature At .
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Table 1 Model parameters for vehicle-s

ize fuel cell system

Symbol Variable Value
Pm.dry Membrane dry density 0.002 kg/ém
m.dry Membrane dry equivalent weight 1.1 kg/mol
tm Membrane thickness 0.01275 cm
n Number of cells in stack 381
Ase Fuel cell active area 280 ém
de Compressor diameter 0.2286 m
Jep Compressor and motor inertia 5x107° kg- m?
Van Anode volume 0.005
Vea Cathode volume 0.01%
Vsm Supply manifold volume 0.02 n
Vim Return manifold volume 0.005
Co.rm Return manifold throttle discharge coefficient 0.0124
At im Return manifold throttle area 0.002°m
Ksmout Supply manifold outlet orifice constant 0.3629< 1075 kg/(s Pa)
ca,out Cathode outlet orifice constant 0.2177 10" % kg(s Pa)
k, Motor electric constant 0.0153 Wrad/y
k¢ Motor torque constant 0.0153 N-m/A
Rem Compressor Motor circuit resistance 0.806
Nem Compressor Motor efficiency 98%
3.7 Hydrogen Flow. Since pressurized hydrogen is used, Wo. in
the anode hydrogen flow can be regulated by a servo valve to No.= 2 (30)
achieve very high loop bandwidth. The goal of the hydrogen flow 2 Wo, react

control is to minimize the pressure difference across the mem-

brane, i.e., the difference between anode and cathode pressuségh oxygen excess ratio, and thus high oxygen partial pressure,
Since the valve is fast, it is assumed that the flow rate of hydroganprovesP; andP,... After an optimum value is reached, how-

can be directly controlled based on the feedback of the pressexer, further increase i)qo2 will result in an increase in compres-

difference.

Wan,in:Kl(szsm_ Pan) (29)

where K;=2.1 kg/s/kPa is the proportional gain a#d,=0.94
takes into account a nominal pressure drop between the supgy
manifold and the cathode. A purge valve is com