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ABSTRACT

A control-oriented mathematical model of a polymer elec-
trolyte membrane (PEM) fuel cell stack is devel oped and experi-
mentally verified. The model predicts the bulk fuel cell transient
temperature and voltage as a function of the current drawn and
the inlet coolant conditions. The model enables thermal control
synthesis and optimization and can be used for estimating the
system performance. Unlike other existing thermal models, it in-
cludes the gas supply system, which is assumed to be capabl e of
controlling perfectly the excess air and hydrogen ratio. The fuel
cell voltageis cal culated quasi-statically. Measurement data of a
1.25kW, 24-cell fuel cell stack with an integrated membrane-type
humidification section is used to identify the system parameters
and to validate the performance of the simulation model. The
predicted thermal response is verified during typical variations
inload, coolant flow, and coolant temperature.

A first-law control volume analysisis performed to separate
the relevant from the negligible contributions to the thermal dy-
namics and to determine the sensitivity of the energy balance to
sensor errors and system parameter deviations.

NOMENCLATURE

A Area [n?]

Aagive  Active area [nf]

C,Cp,Co Specific heat [J/(kg K)]

E Thermodynamic potential [V]
F Faraday constant [As]

H Enthalpy flow rate [W]
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Convective heat transfer coefficient [W/{K)]
Mass specific enthalpy [J/kg]

Mass specific enthalpy of formation [J/kg]
Mass specific evaporation enthalpy [J/kg]
Electric current [A]

Electric current density [A/ff]

Parameter of the heat transfer coefficient model
Nozzle constant of cathode channel [m s]
Cathode temperature parameter [W/K]
Molecular mass [kg/mol]

Mass [kg]

Mass flow rate [kg/s]

Number of fuel cells ]

Power [W]

Pressure [Pa]

Pressure difference anode-cathode [Pa]
Heat flow rate [W]

Sensitivity

Temperature [K]

Time [s]

Internal energy [J]

\oltage [V]

Parameter of the heat transfer coefficient model
Emissivity [-]

Membrane water content|

Air excess ratio f]

Overvoltage [V]

Parameter or signal value
Stefan-Boltzmann constant [W/@K*)]
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Relative humidity [-]

Subscripts and Superscripts

Act Activation

Amb Ambient

B Fuel cell system body

Cell Fuel cell

Conc Concentration

Conv Convection

DI Deionized water (coolant)

El Electric

Evap Evaporation

Excess  Non-reacting part of moist air flow
g Gaseous

H> Hydrogen

H>O Water

HM Humidification section

In Inlet

Leak Hydrogen flow lost through leakage
Lig, | Liquid

mAir Moist air

mH, Moist hydrogen

O Oxygen

Ohm Ohmic

Out Outlet

Prod Product

PS Power section

Purge Moist hydrogen flow purged
Rad Radiation

Reac Reaction

St Stack

Syst Fuel cell system
INTRODUCTION

Fuel cells (FC) are considered for automotive propulsion,
electricity generation, and back-up power supplies. Virtually all

ther a large radiator surface area or many cooling fans. Hence,
a sophisticated controller of the fuel cell temperature becomes
vitally important to ensure optimal system performance. For ex-
ample, fast warm-up might require optimally controlled coolant
flow. The control-oriented model should, thus, capture the ef-
fects of the cooling flow to the heat exchange process. During
this warm-up period heat might be externally supplied for a short
period. To minimize the external power requirements the control
algorithm needs to optimize the amount and the rate of the heat
delivery. To achieve this task systematically and consistently, a
model of how the coolant temperature affects the bulk FC tem-
perature is required. Although various modeling approaches of
different levels of complexity have been proposed recently [1-4],
these studies focus on performance analysis or system parame-
ter optimization. The prior models involve cumbersome mea-
surements, and have not been tested though variations in coolant
flow, temperature and stack power.

The objective of this study was to derive a control-oriented
mathematical model of the fuel cell system dynamics which can
be used to forecast system performance as well as for thermal
control development and optimization. The model should be
easy to parameterize and it should predict the system tempera-
ture and the stack voltage as a function of just the coolant inlet
conditions and the electrical current demand.

This paper first describes the 1.25 kW, 24-cell fuel cell sys-
tem investigated and the setup of the test bench experiment. A
first-law control volume analysis is performed and an energy and
a water mass balance are evaluated for a set of experimental
data recorded on the test bench. The control volume analysis is
first verified and briefly discussed. In particular, a differentiation
of relevant and negligible contributions to the thermal dynam-
ics is made. The control volume analysis serves also as a ba-
sis for a sensitivity analysis which rates the impact of sensor er-
rors or parameter uncertainties on the energy balance. Based on
these investigations, the structure of a control-oriented lumped-
parameter model is proposed. The model includes the gas supply
system and accounts for the heat released by the chemical re-
action, the vapor and product water flow enthalpies at cathode,

applications have demanding transient requirements, especially including humidification, the surface heat losses, and the heat

during start-up and shutdown. A fast warm-up is a particularly
critical task for every type of fuel cell because it typically de-
fines the time period before any load can be supported. Even
for low-temperature fuel cells such as the polymer electrolyte

transferred to the deionized water of the coolant circuit. An ex-
isting static electrochemical model is used to calculate the fuel
cell voltage and the gas supply system is assumed statically and
perfectly controlled. The equations are derived and possible sim-

membrane (PEM) fuel cells, thermal management is necessary. plifications are explained. Where necessary, system parameters
The heat associated with the range of power needed for a typical are identified with measurement data recorded on the test bench.

passenger vehicle or a residential power supply cannot be pas-

sively dissipated by convection and radiation through the exter-
nal surfaces of the FC. Consistent low-temperature® (30op-

eration thus requires a cooling system similar to the one used
in internal combustion engines. The low temperature difference
between the FC and the environment limits the effectiveness of

the heat transfer from the coolant to the ambient and requires ei-

2

Finally, the model is implemented and its prediction is validated
with two different sets of experimental data.

FUEL CELL SYSTEM INVESTIGATED
Figure 1 shows the instrumented stack installed on the test
station at the University of Michigan’s Fuel Cell Control Labora-
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sensor) with a range of 2€200sIm, an accuracy aof 2slm,

and a response time of 0.5s is installed upstream of the air in-
let (location 3 in Fig. 2). A Hastings HFM201 hydrogen mass
flow meter with a range of 0-100slm;1 sIm, and a response
time of 2s is installed upstream of the anode inlet (location 6 in
Fig. 2). Four relative humidity (RH) sensors are installed in the
inlets and outlets of the anode and cathode manifold within the
stack (locations 4—7 in Fig. 2). The RH sensors are capacitive-
based Rotronic SP05 probes with an integrated transmitter and
a resistance temperature device (RTD). The RH sensor range is
0-100% with an accuracy af1.5%. Three Omega PX4202—
005G5V pressure transducers with a range of 0-5 psig, an ac-
curacy of+0.012 psig and a response time of 10 ms are used at
the locations 4-6 in Fig. 2. The sensor specifications were pro-
vided by the manufacturers and have not been independently ver-
ified. The current drawn from the stack is controlled and mea-

Figure 1. TEST BENCH: 1.25KW, 24-CELL FUEL CELL STACK WITH sured by a Dynaload RBL488 electronic load with a range of
AN INTEGRATED MEMBRANE-TYPE HUMIDIFICATION SECTION. 0-500A &0.015A). Individual cell voltages are measured with

0-1200mV/cell {1 mV/cell) and added together to calculate the
tory. The stack has 24 PEM fuel cells with GOREPRIMEA® stack voltage.

series 56 membrane electrode assemblies (MEAs). The stack ~ The data acquisition system is based on PCI DAQ
was designed and assembled at the Schatz Energy Research Ceroards with signal conditioning 5B backplane hardware and
ter at Humboldt State University. Its MEAs have 0.4mgficm  LabVIEW™ software. Data logging occurs at 2Hz or a higher
and 0.6 mg/crf platinum loading on the anode and cathode, re- frequency, depending on the task being executed.
spectively. The catalyst support is carbon black. To diffuse gas The fuel cell operates on a test station with integrated con-
from the flow fields to the membrane, double-sided, hydropho- trols, diagnostics, and safety mechanisms. The air control sys-
bic, version 3 EtekM ELATs® were used. The flow fields are  tem regulates the air flow at a desired stoichiometric level (200—-
comprised of machined graphite plates. The stack contains an 400%) or at a fixed air flow value. The MKS air flow con-
internal humidification section that diffuses water vapor after troller handles dry air supplied by an Atlas-Copco SF1-4 sta-
the power section coolant loop to the incoming air through a tionary oil-free air scroll-type compressor though an integrated
GORETM SELECT® membrane. There are two fuel cells be- dryer and pressure-controlled ballast tank. The fuel is stored
tween cooling plates in the power section. in high-pressure high-purity hydrogen cylinders. The hydrogen
The stack can produce 1.25kW continuous power at less control system reduces the pressure to a level appropriate for de-
than 600 mA/crA. It is designed for operation at low tempera-  livery to the fuel cell stack and then regulates the anode pressure

tures K?OOC), and at low gauge pressures]_(z kPa in the cath- to a desired |eVe|, which is typ|Ca”y set hlghel’ than the cath-
ode and 14-34 kPa in the anode). ode pressure. Deionized water is used as a cooling medium

in the test station to either heat or cool the stack using elec-
tric resistance heating and a heat exchanger with a controllable
(on-off) fan. The thermostatic controller accepts a set-point and
upper-lower thresholds for the power section outlet temperature
of the coolant. An electric pump recirculates the coolant through
a reservoir that is refilled. The coolant flow rate is controlled
through a manual valve.

Experimental Setup

Protruding from the stack endplates in Fig. 1 are the trans-
ducers for relative humidity, temperature, and pressure. Their
location is also shown in the schematic diagram of Fig. 2. The
inlet coolant flow rate (location 1 in Fig. 2) is measured with a
McMillan 101-8 Flo-Sensor with a range of 0-5 sirand an ac-
curacy of+0.02 slm. Two resistance temperature devices (RTD)
with a range of—40-85°C and an accuracy of0.3°C mea- CONTROL VOLUME ANALYSIS
sure the coolant temperatures at the inlet of the power section
and the outlet of the humidification section (locations 1 and 2
in Fig. 2). An MKS type 1559A air flow controller (co-located

The control volume used for this analysis comprises the fuel
cell stack and the humidification section, as indicated in Fig. 2.
There are six mass streams crossing the boundary of the control
volume: the coolant, the air, and the hydrogen flows entering
and leaving the system. The dissipation of electric power is ac-
IStandard liters per minute (slm) are the units used by the manufacturer. Al- counted for outside of the control volume.
though Sl units are used in the rest of this article, the instrument specifications

are quoted with the manufacturer’s units. 3 Copyright © 2005 by ASME



Hydrogen Air . .
of the product and the enthalpies of formation of the reactants at

|

(6) (5) 4 ® the inlet and outlet, respectively,
]
¥

| Hreae = MR (h? + 4h),, +mG2 (h? +4h)
‘ s Prod (1,0
| =g (M +8h) 60, @

PS HM
‘ whereni denotes the mass flow rates of the substaritgshe
Coolant 1 mass specific enthalpy of formation with respect to a reference
N > ; state, andAh the mass specific enthalpy difference from the
o L | @) present state to the reference state. The mass flow rates of the
| X ! ) i l reactants and the product are calculated from the measured elec-
S R s 1 tric current as
@) Control volume
. 1
Measurements: nﬁt:ac = MHgnCe”Sﬁ Is (3)
mT 3 m 5 T,pd 7. T,0 1
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"4 — Mp,0Ncells— | (5)
Figure 2. SCHEMATIC DIAGRAM OF THE FUEL CELL STACK WITH >0 H0TlCells5 195

INTEGRATED HUMIDIFICATION SECTION AND MEASUREMENT LO-

CATIONS (1-8). whereM denotes the molecular masses in kg/nmgly s is the

number of fuel cells in the stack, arkdthe Faraday constant.
For the enthalpy changes with respect to the reference state of

Energy Balance L
the substances, constant specific heats are assumed,

In order to do a first-law control volume analysis, all con-
tributions to the energy balance have to be determined. These
are the sum of energy flows due to mass flows into and out of Ahn, = Cpo, (Tnﬁ’%n —To) (6)
the control volume, the net rate of heat transfer, and of the net HMIn
rate of work. Hence, for the control volume sketched in Fig. 2, Aho, = Cpoo, (Tmair — To) (7)
the first law of thermodynamics is represented by the following Ah,0 = Conyo() (Trac™ — To) , (8)
differential equation,

whereTy is the reference temperature. The air temperature at
humidifier inlet, THM!" has to be estimated because it is not
measured. As indicated in Eqn. 8, the liquid product water is
_HEVaPPS | (3B2ATD _ 3B2ATD .  (q) assumed to exit on the cathode side.
H20 Conv Rad The reaction enthalpy term covers the reactant mass flows of
the chemical reaction. However, these mass flows differ from the
This equation states that the rate of change of energy inside the mass flows entering the system on the cathode as well as on the
control volume is equal to the sum of the reaction enthalpy rate, anode side. Specifically, the oxygen participating in the reaction
the enthalpy flow rates associated with the input and output mass is only one part of the moist air entering the system and a certain
streams, the evaporation enthalpy flow rate of water, the rate of amount of hydrogen is typically used for purging the anode or
heat transfer to the environment, and of the electric power. The is lost through leakage. The enthalpy changes of these gas mix-
kinetic and potential energy of the mass streams are small com- tures which are only passing through the system therefore have
pared to the other contributions and may thus be neglected. In to be calculated separately. In order to determine the enthalpy
the following paragraphs, the contributions to the energy balance flows of the moist air, excluding the reacting oxygen, and of the
are discussed. purged moist hydrogen entering and leaving the system, the Dal-
The reaction of hydrogen and oxygen to form liquid water ton model is used. Hence, it is assumed that the enthalpy changes
is an exothermic chemical reaction. The energy of this reaction of the gas mixtures can be evaluated as the sum of the enthalpy
is calculated as the difference between the enthalpy of formation changes of the water vapor and of the dry air or hydrogen, re-

. ) . . )
% i+ OIS+ A+ L+

4 Copyright (© 2005 by ASME



spectively,
AH Excess __ AH Excess AH Excess 9
mAir Air + H2O ( )
AHE % = A+ ARZTS . (10)
For the gases, again, perfect gas behavior is assumed,
A = RO Cro (T TH2%) )
AHEE™S =i s "™ "Cron0) (Trar " — Tmac™) » (12)
and
i - P
BHY," = g9 Cron, (Ta%," — T, ) (13)
P - mH, PS
ARG =M 87 "Coonor) (Trde — T ) - (14)

It is assumed that the specific heat of the excess air from which

the reactant oxygen was removed equals the specific heat of air.

The mass flow rate of excess air is the inlet mass flow rate minus
the mass flow rate of oxygen consumed by the reaction,

Excess _ s HMIn . Reac
i — g

Majr = Majy (15)

The mass flow rate of purged hydrogen equals the inlet mass flow
rate of hydrogen, minus the mass flow rate consumed by the re-
action, minus the hydrogen lost by leakage,

. Purge

M,

s PSIn

- Reac - L eak
:mHz .

mg,™ — My, (16)

The mass flow rate of water vapor on the anode side can be calcu-

lated from the temperature, pressure, and relative humidity val-
ues at the inlet, as follows:

PSIn yMH2 PSIN —PSin
i, PSin . MH,0 psin Pty Psat (T, ) a7
rnHzo B Mu 2 PSIn _ 4 PSIn mHzPSIn(Tpsm) :
2 Prd, — OmA, Psat mH,

On the air side, the mass flow rate of water vapor entering the
humidification sectionm{yg"™™!", cannot be inferred through

measurements and it is assumed negligible. This assumption is
reasonable because the air flows through a dryer before it enters

the mass air flow controller and the humidification section (loca-
tion 3in Fig. 2).

A certain amount of hydrogen is always lost through leakage
(not marked in the schematic of Fig. 2). Even though the mass

5

flow rate of leaking hydrogen is only known approximately, its
enthalpy flow rate is considered within the energy balance,

PSIn
mH2

PSOut

- : 1
AR = M Cron, (THS" — 5 (T + T

> (18)

)

The mass flow rate of leaking hydrogerh‘;ek, is estimated and
its temperature is assumed to be the mean of the inlet and outlet
temperatures.

The coolant enters the system at the power section inlet, par-
tially evaporates into the air stream inside the humidification sec-
tion, and exits the system as liquid fraction into the coolant loop
at the humidifier outlet and as vapor fraction at the cathode outlet.
Hence, the enthalpy difference of the coolant equals the enthalpy
of the coolant at the power section inlet minus the enthalpy of
the coolant at the humidifier outlet, minus the enthalpy of the
vaporized coolant at the cathode outlet,

AHp) = M5 Cpry00) (T = ToI 1)

. EvapHM
+Me (Cporyoi) (To ™ — Taar )
— (htg)Hyo(T5MO) . (19)

The specific evaporation enthalgysg, is a function of the re-
spective temperature. Here, it is assumed that the coolant evapo-
rates at the outlet temperatufg!MO". The mass flow rate of the

coolant evaporated g ', could be determined as the differ-
ence of the measured coolant flowing into and out of the system.
But as the vapor fraction could be negligibly small compared to
the total coolant mass flow rate, this value would be inaccurate.
Instead, the water contents of the gas stream at the humidifier in-
let and outlet are used to calculate the mass of coolant that has
evaporated inside the humidification section,

. EvapHM __ .

MAIrHMOUt _ < mAir HM |
Muo =ML, — N, (20)

At the humidifier inlet, as mentioned above, the water mass flow
rate has been assumed to be equal to zero. At the humidifier
outlet it is calculated as a function of the temperature, pressure,
and relative humidity measurements,

Mh,0 fEMIn
‘Air
MAir

AT HMOut
2

HM Out mAir HM Out
Psat

(THI\_/IOUI)

. mAir mAir

HM Out HM Out ymAir HM Out (1 HM Out
Prmair _¢mAir pSaIIr (TmAir )

. (21)

In order to determine the enthalpy difference of the chem-
ical reaction, the product water is assumed to be in liquid form

Copyright (© 2005 by ASME



(Egn. 2), and in Egns. 12 and 14 the vapor carried by the moist surfaces, the surface area was partitioned and the coefficients for
air and the moist hydrogen is assumed to pass the system withoutthe vertical area elements, the horizontal upper and the horizontal
any change of its state of aggregation. A change in the state of ag- lower areas were calculated separately. The overall heat transfer
gregation of the water is coupled to a change in its enthalpy: the coefficient was then calculated as the area-weighted sum of the
evaporation of water removes energy from the system, whereas individual coefficients. A rough estimation is used for the emis-
the condensation of vapor releases energy. By determining the sivity, €, of the body. The parametég,amy denotes the outer
difference of water vapor entering and leaving the power section surface area of the bodg, is the Stefan-Boltzmann constant,
the additional enthalpy flow due to evaporation (or condensation) Tam, represents the temperature of the environment,Tafg is

can be calculated, the system temperature.
Depending on the amount of current drawn and other influ-
pyEvapPs _ PSOut PSI PSOut i iti
Hzop (m,TA” nﬂAIr n) tg)hp0(THSOU) encing quantities, the fuel cell stack produces an output voltage.

The electric power delivered by the system equals the product of

H PSOut H, PSI
+ (mmzé mzc% n) this stack voltage/g, and the current drawihg,
- (Corpo) (ThR™ — TS + (hig)Hy0(Ths™)) |
(22) Pei =Valg. (27)

with Experimental Results for Energy Balance. The en-

ergy balance is evaluated with a set of measurement data ac-
quired on the test bench. The measurement data results from
an experimental run during which the fuel cell system was op-

ﬁﬂAir PSOut __ MHzO mExcess
Mair
¢ PSO! pmAl r PSOut (T PSOut )

(23) erated at different power levels and with different coolant inlet
e <|>PSOUt T PsOu (TPSOUt) conditions. By changing the power level and varying the coolant
mH, PSOut MHZO . Purge inlet conditions, the system dynamics are excited. In Fig. 3 all
mHzO - M, Ho sensor data is plotted against time. In subplot one, the power out-
¢%IS-|OUt mH, PSOUt (TPSOy put is plotted instead of the electric current. The electric power
2 mH, (24) drawn from the system changes between about 350 W and 900 W.

prpnﬁg — ORPOU pI 2O (T Rgout) ! The same subplot shows the resulting stack voltage. Subplot two

shows the coolant mass flow rate. The coolant mass flow rate
varies between 0.6 kg/min and 1.4 kg/min. The coolantinlet tem-
perature, which is a function of the heat exchanger fan operation,
fluctuates within 40C and 553 C. The coolant inlet and outlet
etemperatures are depicted in subplot three. Subplot four shows
€the controlled air and hydrogen mass flow rates. The remaining
six subplots show the properties of the air and the hydrogen at
power section inlet and outlet, respectively. These are the tem-
peratures, pressures, and relative humidities. Note that the pres-
sure at the anode outlet is not measured. There are no measure-
ments of the temperature and of the humidity of the air stream
at the humidifier inlet, nor of the mass flow rate of leaking hy-
drogen, either. These non-measured quantities are estimated as

andrify 87" andniAl PSIn — muArHMOU gefined further above
(Egns. 17 and 21). As the product water is assumed to exit on the
cathode side, the enthalpy difference between cathode and anod
has to be added in Eqn. 22 for the water evaporated on the anode
side. In Egn. 23Ma is used for the molecular mass of the ex-
cess air. The pressure at the anode oql)ﬁ:‘,i,oUt is not measured
but can be safely approximated as the amblent pressure. The spe-
cific evaporation enthalpies;sg, are functions of the respective
temperature3 72" andT 7SO

As the fuel cell system body has a different temperature than
its surroundings, heat is lost through its surface. The heat transfer
to the surrounding area consists of a convective and a radiative

heat flow, follows:
THMIN = 20°C
B2ATO _ (hA Tos — T, 2 A HM
Q&A™ = (hA)g2amb (Teyt — Tamb) (25) s HMIn = 0 g/s
B2Amb 4
QReA™ =0 Aezamb (TS — Tamb) - (26) pRSOU = 1.013 bar

The convective heat transfer coefficielmgoamy, is a function of "t'eak =5.610"%g/s.

the medium properties, the flow, and the geometry. It was deter- The ambient temperature was set constant to
mined using standard heat transfer correlations for natural con-

vection [5]. As the coefficient differs for horizontal and vertical Tamp = 25°C.
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Figure 3. EXPERIMENTAL DATA USED FOR EVALUATION OF THE
CONTROL VOLUME ANALYSIS AND FOR MODEL PARAMETER IDEN-
TIFICATION (LEFT AXIS: SOLID LINE, RIGHT AXIS: DASHED LINE).
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Figure 4. COMPARISON OF TEMPERATURE CURVES FROM THE
ENERGY BALANCE ANALYSIS: CALCULATED SYSTEM TEMPERA-
TURE (=), COOLANT TEMPERATURE (- -), CATHODE TEMPERATURE
(--), ANODE TEMPERATURE (--).

If all the measurement data, together with the estimations
of the non-measured quantities stated above, are inserted into
Eqns. 2-27 and eventually into Eqn. 1, a nonlinear differential
equation results,

(28)

wheremgg Cgyg is the thermal capacity of the system. By in-
tegrating this differential equation, the temperature of the fuel
cell system can be calculated as a function of time. As no mea-
surement of the system temperature exists the calculated system
temperature is compared with the available temperature measure-
ments to check the assumptions and calculations in the control
volume analysis. In Fig. 4 the calculated system temperature
curve is plotted, together with the coolant temperature, the cath-
ode and the anode temperature, which are supposed to be the
average of the measured system input and output temperatures
of the respective mass streams. The system temperature was ini-
tialized with the coolant outlet temperature. It can clearly be
seen that the calculated system temperature is close to the other
temperatures and exhibits reasonable transient behavior. Since
Eqn. 28 is an open integrator except for the influence of the
heat losses to the ambient, small deviations in the energy bal-
ance would result in a divergence of the calculated system tem-
perature. The general agreement of the measured and calculated
temperatures indicates that the experimental setup is free of sig-
nificant measuring errors and that the assumptions for the non-
measured quantities are reasonable. A detailed sensitivity analy-
sis is provided a subsequent section.

The energy balance reveals the influence of the different en-
ergy flows on the thermal dynamics of the system. In order to
gain more insight, it is useful to analyze the individual contri-
butions to the change in internal energy of the fuel cell system.

Copyright (© 2005 by ASME



S Table 1. AVERAGED FIRST-LAW ENERGY FLOWS OF THE FUEL

Ry - | oo CELL SYSTEM.
§ 1.2} _ 1 HReac
< ——Excess
< 1t 1 2 AH i L
2 08 —Purge Term Absolute value [W]  Fraction ¢fRreac [%0]
o Uor 1 3 AH
g 06f 4 A au /ot 62.1 4.2
2 04t 1 He —
o 02} | 54 HReac 1460 100
— —E
£ o™ _ — ——em R D 20.3 1.4
5 —0.2} 4 —B2Amb —P
| Q 7 ~Qeow Dty 0.0235 0.0016
5 . 8 7—Q-—BzAn‘b ek
O -0.6/ Rad AHy, 0.00760 0.00052
08— 9 —Pg —
0 1L 2 3 4 5 6 7 8 9 AHp, 501 34
Hroare 317 22
Figure 5. CHANGE (0) AND CONTRIBUTIONS TO THE CHANGE (1~ _g‘;fm ' '
9) IN INTERNAL ENERGY OF THE FUEL CELL SYSTEM. Qcorv 47.4 32
—B2Amb
Qrad 75.6 5.2
Pei 726 50

Therefore, every term of Egn. 1 is calculated separately. To fa-
cilitate the comparison all contributions are averaged over the
duration of the experiment shown in Fig. 3. In Fig. 5 the mean gas channels is represented by the following equation,
contributions to the change in internal energy of the fuel cell sys-

tem are depicted in a bar graph. For the experiment investigated,

- Prod - EvapHM s mMAIrHM In - mH> PSIn

the average energy flow contributed by the chemical reaction (bar 0= M0 T My,0  +Mh,0 +My,6
i iti i - MAi . SO . LiqO
1) is 1460 W. About half of it is usable electric power (bar 9), the _ mﬁlelor PSOut _ rrﬁ;*gp u mleqo ut . (9)

remainder is waste heat. The main part (51%) of the waste heat
is carried away by the coolant loop (bar 5, bigger part), another
17% as latent heat of the evaporated coolant (bar 5, smaller part). Stating that the rate of water produced within the system plus
The heat losses to the environment (bars 7 and 8) amount to 17%the rate of water entering the system equals the mass flow rate
of the total waste heat, whereas both the convective and the ra- Of outgoing water. The first six mass flow rates of Eqn. 29 are
diative losses are of a similar magnitude. A fraction of 8.4% of determined as defined in the energy balance section (compare
the waste heat is used to heat up the system (bar 0). The remain-EAns. 5, 17, 20, 21, 23, and 2A{ETMI" is guessed). The

ing waste heat (7.0%) is used to evaporate product water (bar 6) mgsgutﬂow rate of water exiting the gas channels in liquid form,
and heat up the gases (bars 2, 3, and 4). The values of all aver- r'nquo , is then determined to fulfill the mass balance.

aged energy flows are listed in Tab. 1 as absolute values and in

comparison to the average reaction enthalpy fle\gac. By far Experimental Results for Water Mass Balance.
the smallest contributions to the energy balance stem from the The contributions to the FD mass balance of Eqn. 29 are cal-
leakage and the purging. Despite its higher specific heat, the en- ¢yjated for the experimental data shown in Fig. 3 and averaged
thalpy difference of the purged moist hydrogen is between two yer experiment duration. The averaged mass flow rates are de-
and three orders of magnitude smaller than that of the moist ex- picted in Fig. 6 as a bar graph. For an electric output power of
cess air. This is mainly caused by the significant difference in gpout 730 W a water mass flow rate of approximately 0.09 g/s is
the mass flow rates and the smaller temperature change of theproduced (bar 1). The amount of water produced by the chem-
anode flow between inlet and outlet. The averaged energy flows icq) reaction is proportional to the electric current. The product
are indicated with a bar in Fig. 5 and Tab. 1. water exits the system as liquid and also as vapor, as it is partially
evaporated inside the fuel cells. In this experiment, about 86% of
the product water exit the system in liquid form (bar 7), the re-
maining 14% are evaporated. The fraction of product water that
is evaporated is calculated as the difference of the total product
A water mass balance of the gas channels is developed sim-water and the water exiting the system in liquid form (or equiva-
ilarly to the energy balance presented before. If no storage of lent as the difference of the water vapor leaving and entering the
water inside the system is assumed, th©Hnass balance of the  power section). About 0.05g of coolant are evaporated per sec-

Water (H,0O) Mass Balance
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01 . . . Table 2. RESULTS OF THE SENSITIVITY ANALYSIS.

0.08r 1 e . . TR
1 Mo Quantity Nom. value Deviation Sensitivities
@ 0.06 | _
3 2 g™ & A SW  s[%]
2 004 | 3 f[PAIrHMIn PSin
5 0.02 | M0 Toi 319K 1K 64 8.7
0 —mHs
g o I S |oamer s 0.0153kg/min ~ @2kg/min -84  -1.1
3 -0.02 15 e " THMIn 293K 5K 34 046
@ —0.04r 1 =iH i
g 6 e s HMIn Ogls 12:103gls 28 038
—-0.06r 1 7 _pptiaou PSOUt
o8l | M0 Phro 1.01-10° Pa 5000Pa  0.18 0.025
-01 e ek 56-104g/s 28-10*gls 093 013
heoamb 3.9 1 W/(n?K) -12 -1.7
Figure 6. CONTRIBUTIONS TO THE H2O MASS BALANCE FOR THE . 0.9 01 84 11

GAS FLOW CHANNELS.

ond (bar 2), which are 0.3% of the total coolant mass flow rate of
approximately 15 g/s. As the supplied gases are dry, the humidity
at the inlef is small (bars 3 and 4). At the outlet, the mass of the
water carried by the air is much larger than that carried by the
hydrogen (bars 5 and 6), despite the higher storage capacity of
water mass per unit mass of hydrogen. The effect is mainly due
to the significant difference in the mass flow rate of the excess air

and the mass flow rate of the purged hydrogaR{™ = 0.6 g/s,

—Purge

my, - = 0.001g/s).

the change in internal energy of the systeitd,/dt, is investi-

gated. The nominal conditions were set to the average values of

the experiment shown in Fig. 3 and to the estimated values stated

in the energy balance section. This corresponds to typical oper-

ating conditions with an electric output power of approximately

730W. The offsets and deviationAg;, were chosen to reflect

the uncertainty of the corresponding quantity, which is the cali-

bration and sensor tolerance for the measurement signals and a

judicious guess of the uncertainty for the estimated signals and

the system parameters.

Sensitivity Analysis Table 2 shows the results of the sensitivity analysis for a
The equations of the energy balance contain measurementselection of sensor signals, the estimated signals, and for two

data values, physical constants, material properties, system pa-system parameters. The sensitivities are listed as absolut values,

rameters, and estimated signals. However, the measured sig-S, and as fractions, of the waste heat of the chemical reaction,

nals are subject to sensor mis-calibration and the system param-

eters as well as the four estimated signals are subject to model- oU S

ing errors. In order to quantify the influence of uncertainty in S :_A< ) v S= ﬁ (32)

these quantities, a sensitivity analysis was performed. Following ! Reac ™ TEl

Eqn. 28, the underlying equation of the sensitivity analysis was

defined as

ot

From all sensor signals, the sensor signal with the highest im-

pact on the energy balance is the temperature of the coolant at
U au the power section inleff5S'". A sensor or calibration error of
o5 T2 <E) = f&i +A%), (30) 1K results in an error of 64W in the energy balance. This er-

! ror merits special attention since it corresponds to 8.7% of the
total waste heat of the chemical reaction. An assumed error of
0.02kg/min in the highly accurate coolant mass flow measure-
ment leads to an offset of -8.4W in the energy balance. The

— f(f), &: Parameters, Signals (31) sensitivities of the estimated signal§;'", g "M, pPPou,
andrﬁheak reveal that the uncertainty in these quantities does not
affect much the energy balance. For the temperature a devia-
tion of 5K was chosen and the deviation of the mass of vapor
in the (dried) inlet air stream was chosen to be 2% of the vapor
mass in the outlet air stream. The deviation of the anode outlet
pressure was set to 5000 Pa, which are about 5% of the nominal
value, and the deviation of the leakage mass flow rate was set to

where

u
ot

In the sensitivity analysis the impat,dU /ot);, of signal offsets
or of parameter deviationAg;, from their nominal values,;, on

2Humidifier inlet for the air stream, power section inlet for the hydrogen
stream.

9 Copyright (© 2005 by ASME



50% of its nominal value. The impacts on the energy balance
are 3.4W, 2.8W, 0.18W, and 0.93 W, respectively. A change of mik
1 W/(mPK) in the heat transfer coefficiertigoam, results in an
offset of —12 W in the energy balance, whereas an uncertainty of
0.1 in the emissivityg, corresponds to an offset of -8.4 W.

The sensitivity analysis allows two main conclusions. First,
the results demonstrate that accurate temperature sensors and
sensor calibration are of inevitable importance for the control
volume analysis of low-temperature systems such as PEM fuel s v
cells. Second, it has to be stressed that for identifying system _){ T H Toi {_
parameters, such as heat transfer coefficients, the measurements L[ 3 A !
have to be very accurate. From the results in Tab. 2 it is apparent X I -
that an error of only 1 K in the coolant inlet measurement would M
lead to an approximate error of 5 W/@) in the convective heat
transfer coefficient. This result is alarming, as the 5WHn Figure 7. DYNAMIC SUBSYSTEMS OF THE FUEL CELL SYSTEM
are 130% of its nominal value. It is noteworthy that the authors MODEL WITH STATE VARIABLES Tg, TS, AND TAM.
in [1] document a significant disagreement in the convective heat
transfer coefficient derived experimentally and values expected
from standard natural convection.

By evaluating Eqgn. 30 from left to right, the sensitivity anal-  magnitude of 10s.
ysis helps to determine the required accuracy of every sensor.
Starting with a tolerated uncertainty(dU /dt), the sensor toler-
ancesA¢;, can be calculated.

-

Ts

Based on this analysis the fuel cell system was modeled to
consist of three dynamic subsystems: the body of the fuel cell
system, the coolant inside the power section and the coolant in-
side the humidifier. The corresponding state variables are the
bulk fuel cell system temperature, the mean temperature of the
coolant mass inside the power section, and the mean tempera-
, i - ture of the coolant mass inside the humidification section. All
eling of the fuel cell system. Particularly, the spatial inhomo-  yper dynamics are considered to be fast and thus modeled quasi-

geneities in the stack temperature and in the heat transfer co- statically. A schematic overview of the subsystems is given in
efficients are ignored. Complex phenomena such as membraneg;

Fig. 7
humidification or water transport perpendicular to the membrane g . . . . .
are neglected as well. In order to find the governing differential equations of the

As a first step when developing a control-oriented model for  SyStem dynamics a control volume approach is applied to each
a physical system, the system boundaries have to be defined, i.e. SUPSystem. Thus, the energy balance of Eqgn. 1 splits into three
the input and output signals have to be stated. Next, all rele- differential equations, one for each subsys_,tem. These equations
vant dynamics of the system have to be identified, where rele- 2'€ coupled through energy flows connecting the subsystems. A
vant dynamics are dynamics which exhibit similar transients as causality and input-output diagram of the fuel cell system model
the system outputs. Fast dynamics can be modeled statically, 'S depicted in Fig. 8. Baggg on thggc:rrent demaad.and the
slow dynamics as constants. For the fuel cell system thermal coolantinlet conditionslg,™" andnfip™, the model preglﬁtg;he
model the variable of main interest is the bulk system temper- SYStém temperatur@g, the coolant outlet temperatuffy™ =,
ature. The time constant of this dynamic can be estimated by and the stack voltag®sg. Hence, the model exhibits three input

analyzing Eqn. 1. Depending on the operating conditions a time 2nd three output signals.

constant of about s is calculated. The time constants of the In the following, the differential equations of the subsystems
electrochemistry, of the RC-element of the electrode/membrane are stated and all energy flows crossing the boundaries and those
system, and of the hydrogen and air manifold dynamics are sev- interacting between the subsystems are modeled. Note that this
eral orders of magnitude faster. In [6] these time constants are modeling effort is more extensive than the heat balance analy-
estimated to be in the order of magnitude of 8 for the elec- sis presented in the previous section due to two reasons: first,
trochemistry and the RC-element and of 1@ for the manifold there are three control volumes instead of one, and second, the
dynamics, respectively. As a consequence, these dynamics canmeasurement signals, excluding the three remaining input sig-
be modeled as quasi-static processes. Rough calculations for thenals, have to be modeled as well. However, the results from the
dynamics of the coolant inside the power section and the coolant previous section allows to define the relevant contributions to the
inside the humidifier reveal time constants of about the order of thermal dynamics.

CONTROL-ORIENTED MODEL
A lumped-parameter approach is introduced for the mod-
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- } from the body to the coolant inside the power sect'@ 2D1(PS)

| v
3 ! and the heat flow to the coolant inside the humidificatimon section,
1 | QEﬁEV'WM). The energy removed by the evaporation of coolant is
1 Body and gas channels : accounted for in the humidifier subsystem. In order to calculate
| | the evaporation enthalpy inside the power sectiHﬁ;’gpPS, a
T e L | va H,O mass balance has to be implemented. The mass flow rate of
ey DT the evaporated product water is calculated as the difference be-
N Bl tween the inflowing and the effused mass flow rate of vapor. The
! Coolant(Ps) ! water contentg of the air stream at. the power section mlet and
! ! the power section outlet are determined from the respective tem-
| QEDIPS Tpsou ! perature, pressure and relative humidity values. The vapor on the
l ! anode side is neglected, as the mass flow rate is comparably small
3 l } (compare Fig. 6, mass flow rates 4 and 6). The remaining terms
w 1 of Eqn. 33 coincide with the corresponding terms of Egn. 1. In
3 Coolant(HM) l order to predict the voltage output of the fuel cells, a quasi-static
! THM | electrochemical model was implemented. In previous studies, for
} .BZE?I'(HM) l example [7-9], different voltage models have been developed. In
} Qo 1 the present study, the model of [9] was adopted,
: T[I)—|IMOut
ST . Veel = E —Vaa — Vohm — Veone - (34)
Figure 8. CAUSALITY DIAGRAM OF THE DYNAMIC FUEL CELL
SYSTEM LUMPED-PARAMETER MODEL WITH INPUT SIGNALS The cell voltage is written as the thermodynamic poteriiadi-
|3,TDF’|S|n7 mBls'” AND OUTPUT SIGNALS VS,TB,TS'V'OL“. nus the activation overvoltageas, minus the ohmic overvolt-

age Vonm, Minus the concentration overvoltageonc, where

Body and Gas Channels

_ PS PS
Applying a control volume analysis to the fuel cell system E=E(Ts, 1y Po,) (35)
body yields the following energy balance differential equation, Vact = Vaa (is, Phair s Trars Po;) (36)
Vohm = Vohm(i, T, Am) (37)

-B2DI(PS)  ~B2DI(HM) Vcone = Veonc(is, Te, PEy: Ty ) - (38)

Tz - .
n‘BCBT = HReac + AHE]X?[?S - QCOHV - QCOFN
4 EvapPS  AB2Amb ~B2Amb
—Hpo "~ Qcow —Qraa —Pei- (33) The parametex,, denotes the membrane water content (which is
assumed constanfy; is the current density, which equals stack

Below, this equation is explained and also compared with the en- current per active areg[;> and pg> are the partial pressures of
ergy balance of the entire system (Eqn. 1). As the thermal capac- hydrogen and oxygen, respectively. The partial pressures can
ity of the fuel cell system bodyngCg, differs from the thermal be calculated from the total pressures, the temperatures and the
capacity of the total system, the indBxs introduced here. The relative humidities on the anode and cathode side, respectively.
reaction enthalpyHreac, is calculated according to Eqn. 2. In  The overvoltagesac, Vonm, @ndvconc are expressed as a com-
order to calculate the enthalpy difference of the reactants and the Pination of physical and empirical relationships. The empirical
product from the present state to the reference state, the respecParameters were determined using nonlinear regression on fuel
tive inlet and outlet temperatures have to be modeled. The calcu- Cell polarization data. The stack voltage is defined as the sum of

lation of the enthalpy difference of the moist excess/si XS, allindividual cell voltages,
needs additionally the mass flow rate of dry air and the mass flow
rate of vapor carried by the excess air at the inlet to be known. Va = NegrsVed . (39)

As apparent from Fig. 5 and Tab. 1 and as discussed earlier, the

enthalpy flows of the leaking hydrogen and of the purged moist

hydrogen are small compared to the other enthalpy flows, and, as In order to provide temperatures, pressures, relative humidi-
a consequence, can be neglected. The energy carried away by thdies and mass flow rates, a quasi-static model of the gas channels
coolant is modeled as two convective heat flows: the heat flow is implemented. The pressure drop over the cathode channel is
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described by a linearized nozzle with nozzle conskant defined as Zkt, which can be determined experimentally. This
simple model yields satisfactory agreement with measurement

[HMIn data. The temperature of the hydrogen in the anode is calculated
poal = phaou | A (40) as the mean value of the hydrogen inlet and outlet temperatures,
Kp with the temperature of the hydrogen at the outlet assumed to

be equal to the temperature of the system body. This assump-
where the pressure at the cathode ouﬂgﬁuorut, is set to ambient tion is justified because of the small mass flow rate. The water
pressure. Assuming the gas supply system to be perfectly con- content of the supplied air at the humidifier inlet is directly as-

trolled, the mass flow rate of dry air entering the systenfj" ", signed as an input parameter. At the humidifier outlet (or the
was modeled proportional to the mass flow rate of reactant oxy- Power section inlet, respectively), the air stream is supposed to
gen, be saturated. The relative humidity of the air stream at the power

section outlet is also set to one, provided that enough water enters
1 Mar the system. Otherwise, it is assumed that all water is evaporated,
i R‘f‘c (41) and the relative humidity is modified accordingly. The relative
0.21 Mo, humidity of the hydrogen is directly assigned. Itis set to 0.5, as
the hydrogen enters the system almost dry and leaves the system
The air excess ratibajr is considered a known operating param-  saturated, as it is apparent from the measurement data shown in
eter (typically within the range.Q — 3.5) that is perfectly con- Fig. 3.
trolled through the reactant control subsystem. The conkignt
can be determined by parameter identification. The anode pres-
sure can be determined though the cathode pressure,

HMIn _ i
‘Air = Aair

Coolant Mass of Power Section. The governing dif-
ferential equation for the energy balance of the coolant inside the
power section is given as

Phi, = Phair +APanca; (42)
OTS®  ,4ps . ~B2DI(PS)
since the goal of the hydrogen control subsystem is to supply the Moi (ps) Co o AHp”+ Qeonv (45)

necessary hydrogen while maintaining a constant pressure drop
over the membrane. Again, a perfectly-controlled gas supply The change in the lumped coolant temperature is a function of the

system is presumed here. The cathode presqfig,, is cal- enthalpy difference of the coolant flowH5?, and of the convec-
culated as the average of the cathode inlet and outlet pressuresy; e neat transfer rateQBZDI(F’S)

cov - The enthalpy difference of the
The temperatures of both gas streams are assumed to be known.;iant flow depends

: - on the coolant mass flow rate and on the
at the inlet. The values are selected based on the ambient con-¢qqant temperatures at the power section inlet and outlet. The
ditions, but their selection is not very critical as can be shown.

> X - > coolant mass flow rate and the inlet temperature are input signals
Hence, they are included into the model as non-varying input

' bt and thus given. At the outlet, the temperature is calculated as a
parameters. The air temperature at the humidifier outlet (or the f,nction of the lumped temperature as

power section inlet) is defined to be equal to the temperature of
the coolant inside the humidification section. In order to calcu- PSO
i i i o = 2. THP - TP (46)
late the air temperature at the power section outlet, the following DI DI DI
approach is made,

The convective heat transfer rate from the body to the coolant

TPSOW _ 5 TPS _ TPSin 43 inside the power section is modeled according to Newton’s law
mAir mAir mAir ( ) of cooling as
where - B2DI (PS
QCOHV( ) = (hA)gpips - (Te— T, 47)
Hoon — .
Tn'?A?Q'ir —Tg— R@%PE' ) (44) whereABZD,(p_s)_ is the heat transfer area at_lg?D,@S) the he_at
T transfer coefficient. The heat transfer coefficient is a function of

the geometry, the medium properties, and the flow conditions.
Here, it is assumed that the temperature difference between theThe geometry is constant, and for small temperature variations
body of the fuel cell and the cathode air is proportional to the to- also the medium properties are, whereas the flow conditions can
tal waste heat of the reaction. The constant of proportionality is change. In formal analogy to heat transfer correlations for forced
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x10°7

convection, the following simple approach is used to define the 6.5
heat transfer coefficient as a function of the mass flow rate of the
coolant:

heapi(ps) = Kn - (IB)%. (48)

4 L L L L L
. . ) 0 500 1000 1500 2000 2500 3000
The coefficient¥;, anddy, have to be determined experimentally. Time [s]

Figure 9. CATHODE NOZZLE CONSTANT: EXPERIMENT (-) AND AV-
Coolant Mass of Humidification Section ERAGE VALUE (--).
The energy balance of the coolant inside the humidifica-
tion section is similar to the energy balance of the power section

(Eqn. 45), 10000

£ 9000F
GTSM YHM |, AB2DI(HM) 8
Mp (Hwm) Col o AH™ + Qcony ; (49) g,% 8000
but the enthalpy difference of the coolant flawi5M, comprises 9%, 500 1000 1500 2000 2500 3000

also an enthalpy flow of evaporation, as one part of the coolant is Time [s]

evaporated to humidify the air stream. The coolant temperature rigure 10. PRESSURE DIFFERENCE ANODE-CATHODE: EXPERI-
at the humidifier outlet is calculated as a function of the lumped vEeNT () AND AVERAGE VALUE (--).
temperature as

THMOW — o THM _ BSOut (50) measured, they were defined as the mean values of the inlet and
outlet pressures. In favor of a measurement data reduction, the
. pressure difference could also be approximated by the difference
The convective heat flow temQﬁf,EJ(HM), is modeled analo-  of the anode and cathode inlet pressures, or it could even be taken
gously to Eqn. 47 as directly from the gas supply control settings. The experimental
pressure difference and its average value are shown in Fig. 10
. against experiment time. The paramedigrn,ca Was set to take
Qgﬁgvl(HM) = (hA)gzpi(Hm) - (Te — TSM) ; (51) the average experimental value.

In order to determine the heat transfer coefficient from the
where the heat transfer coefficient of the humidification sectionis block to the coolanthgyp, for different mass flow rates, the
assumed to be equal to the heat transfer coefficient of the power experimental data was split into tree sections. For the three
section, sections, each with approximately constant coolant mass flow

rate (compare Fig. 3), the heat transfer coefficient was varied to
match the simulated with the measured coolant outlet tempera-

he20i (Hm) = hezoi (P = Nezp! - (52) ture. The resulting values are shown in Fig. 11, represented by
small squares. For this parameter identification, at least the fol-
Parameter Identification lowing data is required: the stack current, the coolant mass flow

Apart from the coefficients of the voltage equation, five pa- rate, the coolant inlet and outlet temperatures, the cathode in-
rameters have to be determined experimentally. The nozzle con- let and outlet temperatures. The accuracy of the resulting value
stant of the cathodé,, can be determined by substituting data  can be improved by using also experimental data for the stack
of the cathode inlet pressure, the cathode outlet pressure, and thevoltage, the air mass flow rate, and the cathode inlet pressure
air mass flow rate into Eqn. 40. The resulting value and its aver- and relative humidity. Note, as indicated in the sensitivity anal-
age are shown in Fig. 9 against experiment time. The parameter ysis section, only slight inaccuracy in the coolant temperature
kp was set to take the average experimental value. or coolant mass flow measurement can lead to large deviation in

In order to identify the pressure difference between anode the identified heat transfer parameter. In a subsequent step, the
and cathodeApanca, data of the anode pressure and the cath- parameter&y andd, were determined by curve fitting (Fig. 11).
ode pressure have to be available. Since these pressures are not The cathode temperature paramet¢grwas determined by
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500 ‘ ‘ ‘ Table 3. PARAMETERS OF THE FUEL CELL SYSTEM MODEL (EX-
CLUSIVE OF THE COEFFICIENTS OF THE VOLTAGE EQUATION).

Parameter Value Remark
Ncals 24
0 ‘ ‘ ‘ ms 18kg
0.005 0.01 0.015 0.02 0.025
FESI (kgls] Cg 1300J/(kgK) Calculated
As2Amb 0.44n?
Figure 11. HEAT TRANSFER COEFFICIENT: IDENTIFICATION DATA hesars 3.9W/(mPK)  Estimated
(1)) AND MODEL (). £ 0.9 Estimated
Anctive 296104 m?
60 Aair 2
Mpj (ps) 0.51kg
Mpi (HM) 0.31kg
Agzpi(Ps) 0.75n?
Ag2DI (HM) 0.5n7
40 ‘ : : : : kp 5510 'ms Identified
500 1000 1500 2000 2500 3000
Time [s] kr 340W/K  Identified
_ Apanca 9200Pa Identified
Figure 12. CATHODE TEMPERATURE: EXPERIMENT (-) AND . ) 67 -
MODEL (--). Kn 2.1610° W/(m=K)-(kg/s) Identified
oh 1.67 Identified
matching the predicted cathode temperature with the experimen-
tal cathode temperature. The result is shown in Fig 12. The
Tamb = 25°C

experimental cathode temperature was defined as the average of
the measured air temperature at the power section inlet and the ~ THM!" =20°C

measured air temperature at the power section outlet. TPSIn = 40°C
In Tab. 3, all parameters of the fuel cell system model are _mH?
listed, except for the coefficients of the voltage equation. At the mysMIn=0g/s .

bqttom of the table the valug_s of the five experimentally deter- In Fig. 13 the results of the model validation are shown. Dur-
mined parameters are specified. Most of the other parameters.

: . . . ing the first experiment the maximum prediction error is 1.4K,
are geometrical parameters and thus determined in a straight for- . : )
. o whereas for the second experiment the maximum error is 2.3 K.
ward fashion. The specific heat of the fuel cell system bGgy,
was calculated as the mass-weighted sum of the specific heats
of the system components. The convective heat transfer coeffi-

cient, hgoamp, and the emissivityg, were estimated as already DISCU_SSION AND CONCLUSIONS_ L
mentioned in the energy balance section. A first-law control volume analysis and a sensitivity analy-

sis have been performed for the PEM fuel cell system with inte-
grated humidification section. The first-law energy balance and
Validation Results the HbO mass balance for the gas channels were used to distin-
The model parameters were identified based on the experi- guish between relevant and negligible contributions to the ther-
mental data presented in Fig. 3. In order to show that the model mal dynamics. It is shown that the enthalpy flow of the leaking
can map the system behavior it has to be validated with a dif- hydrogen, the enthalpy flow of the purged moist hydrogen, and
ferent set of experimental data. Therefore, the coolant outlet the mass flow of vapor on the anode side are of subordinate im-
temperature was compared with the corresponding measurementportance and thus negligible. The sensitivity analysis revealed
data of two additional experimental runs. During these exper- the importance of sensor calibration on the control volume anal-
iments the model input signals (electric current, coolant mass ysis of PEM fuel cell systems. Based on the preliminary investi-
flow rate, and coolant inlet temperature) were varied for excita- gations a control-oriented dynamic model of the fuel cell system
tion of the system dynamics. The four constant input parameters was developed. The model predicts the bulk fuel cell transient
of the model were chosen as follows: temperature and voltage as a function of only three input sig-
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Figure 13. MODEL VALIDATION: IN EACH PLOT, SUBPLOTS 1-3 SHOW THE INPUT SIGNALS, SUBPLOT 4 THE COMPARISON BETWEEN EXPER-
IMENT (-) AND PREDICTION (--) OF THE COOLANT OUTLET TEMPERATURE.

nals i.e., the current drawn, the coolant inlet temperature, and the
coolant mass flow rate. Unlike other existing thermal models,

ing of pem fuel cell”. Journal of Power SourcdsS3 (2) ,
pp. 188-204.

it includes the gas supply system. The gas conditions thus do [4] Zhang, Y. J., Ouyang, M. G., Lu, Q. C., Luo, J. X., and Li,

not appear as system inputs and therefore do not have to be pro-
vided through cumbersome measurements or another simulation
model. The model is intended to be used for thermal control syn-
thesis, performance simulations, or to be part of a coolant-loop [5]
simulation model. Despite its simplicity, the model predictions
match the experimental data well, as shown in the validation sec-

X. H., 2004. “A model predicting performance of proton ex-
change membrane fuel cell stack thermal systems”. Applied
Thermal Engineering24 (4) , pp. 501-513.

Hrsg.: Verein Deutscher Ingenieure, 2002VDI-War-
meatlas:  Berechnungsblatter fur den Warmelibergang.
Springer, Berlin.

tion. The model was also designed to be applicable to different [6] Guzzella, L., 1999. Control oriented modelling of fuel-cell

PEM fuel cell systems, as it comprises only a few parameters
which are to be determined experimentally. With some adapta-

based vehicles. Presentation in NSF Workshop on the Inte-
gration of Modeling and Control for Automotive Systems.

tions, the model should also be usable for systems without an [7] Amphlett, J. C., Baumert, R. M., Mann, R. F., Peppley, B. A.,

internal humidification section.
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Appendix: Voltage Equation The concentration overvoltage is written as
The single fuel cell operating voltage is defined as

: i \®
Veell = E — Vad — Vohm — Vcone (53) Veone = (C2m> ’ (63)
with the open circuit voltage, with the following coefficients:
E =1.229-85.-10 Tz — 29815) 0-5(7 16 10-4T — 0,622 pgS
107°(7.16- 10 *Tg — 0.
4.308-10 5Ty || PR, L P, 54 | : ) (0'1173+ Dsa)
+4308:10 e | N 7573557 5 " To1328| - Y +(-145.10"Tg + 1.68),
for ( 022273+ p331> < 2.0265 10°
The activation overvoltage is written as = ’ ps
Po
, 1075(8.66- 10 5Tz — 0.068) < 2+ psm>
Vact = Vo + Va(l — e_cll) , (55) 0.1173
+(—1.6-10"%Tg +0.54),
PS
with coefficients defined as follows: for Po, + psa | > 2.0265-10°
0.1173 -
Vo = 0.279— 8.5.10~%(Tg — 29815) (66)
iMax = 2.2 (67)
. — pﬁ%r - pSﬁI
+4.308-10 °Tg {In <7101325 (56) 3 =2. (68)
1 (01173pid — Psar)
5N 101325 Tg is the temperature of the fuel celish3, is the cathode pres-

pPs sure,pss IS water saturation pressure, which is a function of the
Vg = 10*5(1.8- 10 *Tg — 0.166) ( O psa) respective temperature, apﬁf and pgf are the partial pressures
0.1173 of oxygen in the cathode and of hydrogen in the anode, respec-
+101%(-1.618-10 °Tg 4 1.618-10 ?) tively.
ps 2 (57)
Po, +p
01173 ™

+(—5.8-10"*Tg +0.5736

c1 = 10. (58)

The ohmic overvoltage is calculated as

Vonm = 1 Rohm, (59)
with

Rotm = - (60)

hm — Om
tm = 0.0125 (61)

1 1

o — blexp<b2<3—03-T—B)) (62)
b1 =0.00513%A,,— 0.00326 (63)
by, = 350. (64)
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