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Abstract—An experimentally validated control oriented model like the ones presented in [8] and [9] are electrochemical
that reproduces the most typical features of a laboratory Poton  characterizations based on empirical relationships that d
Exchange Membrane fuel cell generation system, is presemte 1y consider the dynamics of the different gasses. On the

in this paper. The proposed representation is ar*" order fully
analytical nonlinear model of ordinary differential equations, other hand, works such as [3][10][11][12] present extended

primarily focused on the system gases dynamics. The compéet €gquations, including gasses dynamics and temperatureteffe
model is developed following a modular procedure, combinig within the stack, however, only [10] and [11] have proposed
theoretical modelling techniques and empirical analysis ased fully analytical control oriented models. In [11], only ar¢fe
on experimental data. The presented methods can be used as agiate air supply subsystem is explained and validated, the
general modelling guideline for control oriented purposesbeing humidifier is not included in the model and the characteionat
possible to adapt to other fuel cell based systems with sinait ) . ‘
characteristics. of the other subsystems is merely outlined. [10] is probably
the first and the most accurate validated control engingerin
model developed for a PEM fuel cell system, being the base
of numerous works such as [3][13][14]. Nevertheless, such
accuracy entails a certain degree of complexity, making thi

. INTRODUCTION model not directly suitable for nonlinear control design.

Fuel cells represent a radically different approach togner The goal of the current work is therefore to present a
conversion, one that could replace conventional power gerfelly validated, fully analytical model of the fuel cell flow
ration technologies in a wide variety of applications, fram dynamics specially developed for nonlinear control pugsos
tomotive and stationary power systems to portable apmisincThe model retains parameters that have physical significanc
In particular, a Proton Exchange Membrane (PEM) fuel cedb that it can be adapted to other systems. It adequately
is an electrochemical device that converts hydrogen clemidescribes the interaction between the different subsys{em
energy into electric power energy, without the intermegliathe fuel cell stack, the reactant supply system and the hitymid
production of mechanical work and with water and heat asanagement unit) from a control point of view.
the only byproducts [1]. Then, considering that hydrogen As a result, based on the use of some general physical
production from water electrolysis can be performed usingws, the proposed PEMFC control oriented model presents
renewable energy (solar, wind, geothermal, etc.), PEM fuedlevant contributions from the automatic control point of
cells emerge as one of the cleanest and most promisiwigw. On the one hand, the systematic procedure developed
alternatives to reduce fossil fuel dependency [2]. in the paper makes it a useful general guideline to evaluate

In this context, improvements in this field require interether existing modelling schemes and develop new models.
disciplinary work and the development of new technologig3n the other hand, the nonlinear control design suitabdfty
in many areas. From the automation control point of viewhe model and the explicit set of state-space equationse mak
the natural step is to face the challenge of designing aitdeasy to reproduce and directly apply sophisticated cbntr
implementing efficient control strategies for the actuadlfualgorithms, such as Model Predictive Control and Variable
cell based energy generation systems. Like in most cont@tructure Control. It is noteworthy to mention that the auth
design procedures, the first and decisive stage is to obtainsing the proposed model, have already obtained encowgragin
reliable and adequate mathematical description of theesyst results applying oxygen stoichiometry control by means of
In this particular case, a control oriented nonlinear maglel homogeneous second order sliding mode design (preliminary
a key requirement for the development of a control algorithresults can be found in [15]).
capable to avoid transient power deterioration and irisaby More particularly, the laboratory test plant under study
damages in cell membranes [3]. in this proposal mainly comprises a fuel cell stack, an air

Furthermore, critical characteristics of PEM fuel celtompressor, a hydrogen storage tank, humidifiers and line
(PEMFC) based systems such as its viability, robustness drahters (see schematic representation in Fig. 1).
efficiency may be strongly related to their proper control. The modelling process is conducted following a modular
Hence, several model based control strategies have beenmethodology, combining a theoretical approach, togethtr w
ported in the past few years [3][4][5][6][7]. As a matter att, empirical analysis based on experimental data. The work is
modelling PEMFC systems is a particular difficult task, doie torganized in a way such that the fundamentals of the proposed
the interactions among different subsystems, especialfiga combined methods can be used as a general modelling guide-
as control purposes are concerned. Previous literaturelsodine, being easy to adapt to different fuel cell systems \iéth

Index Terms—Fuel cells systems, control oriented model,
nonlinear systems, experimental validation.



> Measured variable
"+ Unmeasured variable

where V., is the armature voltage, the armature current,
L and R the electrical inductance and resistance of the stator
winding, k4 the motor constant,., the shaft angular speed,
P, the absolute pressure at the compressor outputhe
inertia, T, the electrical torque and; is a nonlinear function
that groups together the effects of the motor and diaphragm
Fuel Cell friction and the pneumatic load. The computations of the

Stack electrical and mechanical parameters of the compressor and
the load torque functior?; are developed in a systematic
procedure .

To start with, the electrical resistance and inductancéef t
Figure 1. Fuel cell system diagram stator winding can be directly measured through an eleictron
impedance meter. Then, tltg value is determined using the

electrical equation of the motor (1) in steady state openati
modifications. In fact, every subsystem is modelled in terms

0 Mass flow or pressure sensor

Mass flow
controller

of physical laws and only adjusting some specific parameters dig(t) _

For instance, following the procedure below, changes in the L dt Vep = Ria = kgep =0 )
gas humidification subsystems, the air vacuum pump or even v R .

in case of stack replacement would just require to follow the From (4),k, = —7==== can be computed by measuring

proposed steps and 0n|y reprocess some indicated data. and Wep at different eqUIIIbrla Flg 3 shows that for various
compressor pressures.) the value ofky remains constant.

Il. AIR COMPRESSOR SUBSYSTEM

0021

The air compressor is a 12V DC oil-free KNFdiaphragm o018 I
vacuum pump, which is based on a simple principle: an elas  0016] /\wtrﬂw«wﬁfy
diaphragm, fixed on its perimeter, moves up and down ik$ %" e "7
central point by means of an eccentric. On the down-stro | 0.012==
it draws the air or gas being handled through the inlet valv s ;s :/;,?’ 1[1:‘1:1//3)10]
On the up-stroke the diaphragm forces the gas through 1 (o6t v
exhaust valve and out of the head. The compression cham ooco4 _ . .
is hermetically separated from the drive mechanism by t| 0002f i
diaphragm. The pump transfers, evacuates and compres %0 s 100 120 140 160 180 200 220 240 260
completely oil-free gas and is driven by a 15W DC motor. Wep [radss]

lP - Figure 3. k4 vs. wcp (experimental data)

The next step deals with the characterization of the load

Ve T. Wep . . .
—” { DC Motor = %?;gﬁ;i;gr 7 torque functionZ;, that lumps the friction and the pneumatic
i loads. In a first approach, it can be modelled as a nonlinear
static function ofw,, and P.,. For modelling purposes, this
Figure 2. Schematic diagram of the compressor subsystem load torque expression was divided into two terms:
The equations that describe the behaviour of the system T} (Weps Pep) = Tr.amp(@ep) + T (Wep, Pep) (5)

are obtained by analysing the air compressor as two coupled

subsystems. The first one embodies the permanent magnéthe former corresponds to the load torque of the system

DC motor dynamics and, the second one, represents tigerating at ambient pressure. The latter takes into a¢¢oen

compressing diaphragm nonlinear characteristics (Fig. 2) extra torque that appears when the diaphragm vacuum pump
operates at pressures higher than the ambient.

A. Air compressor motor dynamic equations The experimental values of the load torque can be computed

using data obtained from steady state operation tests. rtUnde
The following equations summarize the dynamic model %ese conditionsu() is zero, thus equation (2) gives:
the compressor DC motor:

dla Te(t) = kﬁi)ia(t) = T’l(wc 7PC ) (6)
Volt) = 220 4 Bt 4 k() @) ot
J andT; can be readily inferred from direct measurement of the
J Yep Te(t) — Tl(‘*"cz)(t)v Pep(t)) 2 currenti,.
dt Then, with the assistance of (2), the values of the first
with term of (5), 77 .m», are obtained conducting experiments at

Te(t) = kgpia(t) (3) ambient pressure and different shaft speeds. Analysing the



data (see Fig. 4), it can be concluded tf#ga,,,, can be well 3

. . . x 10
approximated by a linear expression, such as: 2.,
T‘l,amb(wcp) = AO + Alwcp (7) 1.5+ -
» ¥ %o 2 A
where 4y and A; are parameters determined experimentals gl
that can be found in the Appendix. E X% " x
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E 7R.eal data Figure 5. T/ surface_interpolation from real data (coloured surfacej an
= Fit polynomial approximation (grey surface)
‘% 08 |
S o6t to the compressor input voltage. It can be seen that the angul
04 F speed matches, even dynamically, the experimental values.
ozl This result is verified in a broad span of working conditions,
indicating that the developed model is capable to prediet th
0 50 100 150 200 750 300 motor behaviour in an extended range of operation. In fact,
w p [rad/s] the approximation error ab., remains below 3 % in all the

tested working conditions.

Figure 4. T} qmp VS wep: Measured data and linear approximation
400

To find the expression of the second term of (B), a new N
set of experiments is required, with the compressor working 350 7@?)"2{‘)‘(1&1 [ki/s]
different speeds and compressor pressures, coveringtite er o M
range of operation (60 radés w., < 360 rad/s, 1 bax P, < [ ' : :
2.5 bar). Then, from (6), (5) and (7); can be written in terms _ 250 |
of the current,, and the speed.,,, both measurable variables:3
_?; 200 + Zoom
§ 150 | 220 I —
T‘l/(wcpa Pcp) = /—Tl(wcpa Pcp) - ﬂ,amb(wcp) = (8) 200
. L 180
= k¢2a — AO — Alwcp 100 160 (R
Combining (8) with the data gathered in the experiment  *° | 140
the following bivariate quadratic function can be obtairgd ‘ ‘ ‘ ‘ Lo 30 ‘
Eg]a;rls of polynomial regression modelling tools (e.g. pwiyfi 0 W ety 1020
Tl/ — Ao + Arowey + A20w2 + Ay Py + (9) Figure 6. Validation of the DC motor model dynamics
- cp cp cp

+ Allwcppcp + AOQPCQP . L.
B. Diaphragm vacuum pump characteristics

with A” constant coefficients. . ) The next modelling stage required to complete the compre-
In figure 5, two surfaces are displayed. The first ong, model is the characterization of the map that relates th
(coloured surface), results from the interpolation of @kpe o1t flow¥,, with the internal variablev., and compressor
mental data (dots and crosses). The second one (grey S)urfaﬁteessureP
cpe

depicts the quadratic approximation (9) that best fits theq this end, several steady state tests exploring different
obtained data. o operating conditions have been conducted in order to gather

Note that with this approach, losses due to deviations frof¢, from the mass flow meter, the tachometer and the pressure
the isentropic compression and unmodelled friction terres ransducer, respectively. Then, following a fitting proaesd

now incorporated into the model [10]. ~ similar to the one performed witl?, an approximating
The following parameter to be estimated is the motor inertig;yariate function is obtained:

Considering the practical impossibility to directly megesu,

its value can be determined by adjusting the dynamic regpons )

of the model variablev.,(t) to the experimental data. In the Wep = Boo + Biowep + Baowe, + BorPep + - (10)
validation test presented in Fig. 6, step variations ardieghp + BrwepPep + Bongp



with B;; constant values. IIl. AIR HUMIDIFICATION SUBSYSTEM

In figure 7 theW.,, approximated surface corresponding to cCellkraf® P-serieshumidifiers based on exchange mem-
equation (10) is shown (gray surface), as well as the spligganes are used to maintain proper humidity conditionsiensi
interpolation of the real data (coloured surface). the cells, which is crucial to ensure the optimal operatién o

PEM membranes. Gas humidification at flows rates up to 10
slpm and pressures close to 10 bar can be achieved with this
sort of devices. The line heaters and stack temperatures are
controlled by a power station via decentralized PID cotgrs|
allowing for independent gas conditions to the stack.

The operating principle of the membrane humidification
technique is feeding deionized temperature-controlletewa
and the gas to be humidified to each side of a polymeric mem-

y brane, respectively. During the process, a humidity gradse
* established across the membrane, allowing the transfeienc
water towards the circulating gas by diffusion. The degree o
humidification is regulated by adjusting the water tempeat
within the humidifier. The closed loop control of moisture
can be performed by two different methods, i.e. controlling
either the dew point of the gas or the water temperature
[17], the temperature control method was implemented fer th
Figure 7. W, surface interpolation from real data (coloured surface) anfollowing experiments_
polynomial approximation (gray surface) Prior to entering the stack, the humidified gas circulates

The parameters and coefficients of the compressor undl@ough a line heater. The purpose of this device is twofold.
study can be found in the Appendix. On the one hand, by rising the gas temperature, condensation
inside the cathode channels is prevented. On the other hand,
regulation of the differential temperature (between theniu
difier and line heater) allows to control the relative huryidi

The air dynamics corresponding to the compression procegshe cathode inlet gas flow.
inside the diaphragm pump can be fully modelled using theTo obtain the equations that govern the humidification
principles of mass and momentum conservation. Neverthelesubsystem, the modelling process is divided into two steps.
a reasonable good approximation from the control viewpoiFRirstly, it is assumed that the subsystem dynamics is daedna
can be obtained by including this extra dynamics in the motby the air humidifier pressure change, without taking into
inertia and readjusting the value éfdetermined in subsectionaccount the effect of the vapor injected to the gas (see €igur
[lLA. The new value of this equivalent inertia is computenhfr 9). Then, as a second stage, the effect of the vapor flow
experimental tests and validated in the overall operatinge. injected to the gas is taken into consideration by adding a
The obtained value of the gathered inertig)(of the vacuum nonlinear static term, function of the gas temperaturesqure
pump plus the DC motor wag, = 1.2 x 1075 Nm. and speed conditions.

Figure 8 presents the time evolution of the compressor air
flow of the FC system under consideration. It can be observed

2000 - b
1000 S
W¢p [rpm] 0 05 Pap [bar]

C. Air compression

that, even during transients, the model provides a very good J,W”"j
approximation of the experimental data. This result is also
verified at different air compressor flows and pressures. Tom Wep Air dynamics W ham,out Vapor injection T Wea
P, hum T/mm Ra R',hum
4 - — W cp,real [slpm]
— W epmodel (Jg) [slpm]
35 Wepmodel (J) [slpm] Figure 9. Schematic diagram of the humidification subsystem
o AN Ay ety 0! MDY s
3 Step 1:
25 ¢ Under the aforementioned assumptions and considering that
the humidifier pressure is the compressor load presstpe=
2r Prum), the equations of the cathode humidifier dynamics are
- L et =< given by the following expressions:
15 . . . . . . . . )
103 104 105 106 107 108 109 110 111 112 dmh
time [sec] d tum = ch — Whum (11)
Figure 8. Compressor dynamics dPrum R,

dt = thm (chTcp - WhumThum) (12)



Whum = f(Thum7 Pca7 Phum,diff) (13) Wca = Whum + Wv,inj (16)

: Assuming that the humidifying closed loop system of the
with ; - ) e
device efficiently regulates the gas relative humidity, ¢ben-
Prum.diff = Phum = FPea (14) putation of the injected water to the air flow can be described

where muum and Ph.m are the mass and pressure of aifY:

inside the humidifier,#},,., is the flow of air that leaves

the humidifier,Vi.,, is the volume of the humidifier},,.. Weinj = GuRHhumPsGm(ghum)Wa,hum — Wo hum (17)
is the gas temperature inside the humidifir,,,, 4i s is the o

humidification subsystem pressure drop dfd is the cathode being G, the vapor molar mass’_}a the dry air molar mass
inlet pressure. and Ps¢ (Thum ) the vapor saturation pressure at the humidifier

The right-hand side of (13) corresponds to a non line ?mperat.u_r(_aRHhuW Is -the relative humidity of thg 9as exiting

nozzle function, strongly dependent on the humidifier gi‘ge h_um|d|f|er, which in “Or!””a' operating cqndmons can -t.)e

temperature thé cathode pressure and the humidifier pees c&n&dered a known value, in accordance with the humidifier
! ?8chnical specifications (usually, close to 100%). The dry a

drop (see Fig. 10). It could be approximated by a trivariai . . S
funf:)ti(()n or agfami)ly of bivariate fggctions (para)rlnetrisexd bpart|al pressureX,), the dry air output flow of the humidifier
é{/ga,hum) and the flow of vapor due to ambient moisture

Thum), Obtained through experimental data gathered from te i L X
performed at different operating temperatures and pressurentfhr'ng tfg;_e htum'dg!?rw“hug)’ arg vg_rlabtlles that dtezend_
In particular, the current laboratory test plant is set tcea-opon € ambient conditions and can be directly computed using

rate at constant stack temperature 60f°C and humidifier the following relationships:
temperature ob5 °C, respectively, regulated through external

1
controllers. The former is a recommended operation tempera Wahum = 132, Whum,out (18)
ture for the equipment, whereas the latter is adjusted taiobt W hum = Whum — Wa, hum (19)
high relative humidity of the cathode inlet flow>79%), while .
preventing vapor condensation. Then, considering a const\émh Gy Peat(Tams)RHams
humidifier working temperature, the nozzle function can be “Whum = G, Pamp— Peat(Tams) RHamb (20)
well approximated by the following bivariate function: wherewpq, is the ambient humidity ratid[,,,, the ambient

temperature,P,,,;, the ambient pressure an®H,,,, the
Whum = Co + C1Phum.dif f Pea + CaPea (15)  ambient relative humidity.
At this point, there is only one parameter left to be estimate
complete the humidification subsystem model. This is the
midifier volume V..m), present in the dynamic equation

(12). An adequate estimation of this parameter can be attain

1o by adjusting the transient response of the modelggd,, to
[ match the experimental data (tests varying the compressor
air flow at fixed humidifier temperature are considered). It
is important to note that the estimated value does not gxactl
correspond to the real humidifier volume. It can be integatet

where the coefficient”y, C; and C, are experimentally o
determined from the tests (see thick solid lines in Fig. 10).hu

o

o
)

07 wmdiff @ Thum =30° , P 1 =1 bar i - X
'\fb r,-tser  AS the volume of an equivalent humidification subsystem, tha
= 06 P o =2 bar allows for modelling errors and unmodelled dynamics. Fiy. 1
HE e Tev. shows that highly satisfactory dynamic validation resaits
2 04 -r.n  achieved (refer to the Appendix for estimated parameters).
= o +:l"2“3zgf:.(Tf':{';sjo'Pfs;l bar A _final remar_k is pertinent to_close this. section. It was
‘ :P/,,,,,:,ﬁ P previously mentlonet_:i that regula_ltlon of t_hg line heatergem
02 7 _ Fitoquation (15) @ T, 255° rature allows controlling the relative humidity of the géiken,

e
=

Phundiy @ Thum =55, Pog =2 bar in accordance with the Dalton’s law, the effect of the insgea
Fit equation (1%) @ Ty, =557 of temperature (fronil},.,,, to T3;,) on the partial pressures
and the relative humidity of the cathode inlet gas flow can be
easily computed through:

|
0 0.1 02 0.3 04 0.5
Phum,diﬁ‘ [bar]

Figure 10. Humidifier characteristics (fits and real data) T
P = Tipi,hum (21)
hum
Step 2: Py in
RHjp = —— 22
th Psat (T‘lh) ( )

In this step, the vapor injected to the air stred,(,;) is where ¢ stands forO;, N, and vapour, respectively, and
incorporated to the model. Then, the total humidified air flo#s.:(7},) is the vapour saturation pressure at the line heater
entering the cathodédi(.,) is given by: temperaturelyy,.



0.5

Phum diffreal Subsequently, the calculation of the flow terms that cons-

0458 — Phum diffmodel titute the right-hand sides of equations (23)-(25) must be

0.4r addressed.

035" To begin with, the amount of reduced oxygen and generated
E 03 vapour in the cathode reaction is computed from the stack
- current, according to the following two electrochemicahpr
é" 023 ciples:
Qf 0.2r ;

0.15 WOQ,react - G02 % (28)

0.1

0.05r 360 380 400 420 440 460 480 Wv,ca,gen — Gu% (29)

0 100 200 300 40?im65°[osec]6°° 700800900 1000 \wheren is the number of cells of the stack,,, andG,, are
the molar masses of oxygen and vapour, respectively,fand

is the Faraday constant.

Next, the components of the cathode input and output flows
are considered. Firstly, assuming knowledg&l®f, from (16),

IV. FUEL CELL STACK FLOW SUBSYSTEM the partial input flowsV,, .o, Wn,.ca andW, ., are readily

The stack is an EFC50-ST ElectroCHBIn which is a calculated using (26):

laboratory PEM fuel cell system designed for the study of

Figure 11. Humidifier dynamic validation

1

membrane electrode assemblies and fuel cell operation. The Wos,ca = XOMalin (30)
system consists of a 7 cell stack with Naf¥n115 mem- T Wea
i i 1
t_)ranes, platinum cata]yst _Ioadmg of 1 mg.t?nToray carbon Wiyca = (1 = Xop.ca) W 31)
fiber papers as gas diffusion layers and 5¢ ahactive area. 1+ Wea
This unit generates 50W under nominal operation conditions W, = W,y — Wisea — W, (32)
v,ca ca 2,ca 02,ca

and can provide up to 100W peak power during transients.
where w., is the humidity ratio andX,, ., the mass mole

A. Cathode Channels fraction of the input air flow, given by:
The dynamic mass balance within the stack channels de- - GoPoin
A Wea (33)
pends on the gases partial pressures, on the water tragdport Ga(Poy,in + Pnyin)
by the membrane and on the electric current drained from the Yoo ambGlo
stack (). The cathode state variables are the masses of the Xog,ca = - 2 (34)

. : X . Go, + (1 — G
circulating elements, i.e. oxygemy, ..), Nitrogen (uy,.ca) Yoz amdGox + (1 = Yos,amb) G

and vapour ., .,). Then, the dynamic equations that goverR€iNg ¥, «ms» the ambient oxygen mole fraction.

the behaviour of the gases inside the cathode are given by: Secondly, using (27), the partial output flow®,, ca,out,
W, ca,out @NAW, 4 oue CaN be obtained following a similar

= WOQ,ca - WOQ,ca,out - WOQ,react (23) procedure.

dm02 ,ca

dt

1

dmpy; 1% =X S —
2,ca o0g,ca,out — o02,ca,out
— = WNg,ca - WNz,Cll,OUt (24) 2 2 1+ Wea,out

dt

Wca,out (35)

dm 1
v.ca _ — ca,out — 1- Xo ,ca,ou ca,ou 36
T = Woca = Waseaout + Wocagen + Women (28)  Wiacasour = (1= Xos caou) 7 Weaou - (36)

while the following relationships hold for the cathode itpu W, .. out = Wea.out — Woy.ca.out — Wiy.ca,out (37)

and output flows /., and Weg out): . o ) )
with the output humidity ratio and mass mole fraction:

Wca = W02,ca + WNg,ca + Wv,ca (26) G'UPUvC‘l

Wea,out = 38
out Ga(POQ,ca + PNg,ca) ( )
G
Wca,out = Wo ,ca,out + WN ,ca,out + Wv,ca,out (27) Xo ca,out — Yoz,0ut oz 39
) ’ ’ 2eaout y02,outG02 + (1 - y02,out)GN2 ( )
belng WOg,caa WNg,cav Wv,caa W02,ca,outa WNg,ca,out and P
Wo.ca,0ut the input and output flows of oxygen, nitrogen and Yon.out = P02 (40)

ca

vapour,iV,, r.qct the flow of oxygen that reacts in the cathode,
Wo.ca,gen the flow of vapour generated in the reaction andith y,, ..: the cathode oxygen mole fraction.

Wo.mem the flow of water transferred across the membrane However, for these computations the cathode output flow
(comprising an electro-osmotic drag term and a back-didfus W, ,.: iS not yet available, given that it is not measurable
term). due to its high vapour content. It must be indirectly obtdine



making use of the pressure drop measurement. The relatiadnile the following equations hold for the anode input and
ship between the output flow and the pressure drop can dogtput flows:
modelled as a linear nozzle equation:

Wan = WHg,an + Wv,an (46)

Wan,out = WHg,an,out + Wv,an,out (47)
%eingWHz,,m, Wo.ans Wy, ca,out aNAWy, 0n o the input and

Wca,out = Kca,out(Pca - Prm,ca) (41)
where P, ., is the return manifold pressure, governe

through a mechanical back pressure regulator. output flows of hydrogen and vapour, respectivéig, »coc:

Then, to compute it is necessary to determine X .
’ mp W?“"’“t ry the flow of hydrogen consumed in the reaction and ...,
K.q.0ut- TO estimate this parameter, experimental data of the . ’
' : . e aforementioned flow of water transferred to the cathode.
pressure drop and the cathode output flow is required. The

former is available from the differential pressure trarctu n-this part_|cular case, no liquid vyater IS §upposed o t.)e
. . . . c?ndensed in the anode channels, given that in normal wgrkin
but, as it was previously said, no direct measurement ¢

. . ) . L conditions the relative humidity of the anode is always felo
Wea.out 1S feasible due to its high relative humidity. However .

: . . I . 100%. On the other hand, the hydrogen consumed in the
under appropriate experimental conditions, its steadye sta

. reaction is:
values can be inferred from measurements of the compressor
flow W,,. The estimation test conditions are: (a) steady state nly
operation, (b) equally humidified reactant gases and (c) nil W react = GH, oF (48)

stack current. On the one hand,, = 0 guarantees that
the liquid water {¥,ca,cut) and the reaction flowsi¥o, react Analogously to the cathode channel, the components of the
and Wy, cq.gen) remain zero. On the other hand, considering '

anode and cathode gases at similar relative humiditiesesisuy node input and output flows must be calculated. The partial

that at steady state operation there is no water concemtratlinlet flows Wi ,an @NdWy,an are obtained through:

gradient across the membrane, so the effedtpf,,.,, can be 1

neglected. Therefore, under these testing conditidfg, ou.: Whzan = 1+ Wan Wan (49)

is equal toW,, (see (23)-(25)). Then, using (11), (16) and _

(17), data ofWW,, allows the computation o#V.q o.: and, Wo.an = Wan = Wi an (50)

consequently, the estimation of the nozzle restriction. GuPy.ih,an
Note that the partial pressures of the gases inside the Wan

cathode, required in (33), can be obtained from the stac

temperature and the masses of oxygen, nitrogen and vap(t\%vg]r.erew“" is the humidity ratio of the anode input 9a;, an

Using the Dalton’s law, the cathode partial pressures anole anode input pressure "’?wlhw the anode mE)ut vapour
relative humidity are: pressure, that can be obtained using the Dalton’s law.

Besides, the partial output floW 7, 4. out ANA Wy an.out

whereGy, stands for the molar mass of hydrogen.

= v vihan 51
GHQPHQ,”L,U/N, ( )

i caRiTs are computed as follows:
Pi,ca = 1, v t (42)
ca 1
W an,out — 7Wan ou 52
Pvca >, out 1+Wanout out ( )
RHca =" (43) ’
Psat (TSt) Wv,an,out = Wan,out - WHg,an,out (53)
where subscripi stands forO., N, andv, respectively, and G P
V.. is the cathode volume. Wan,out = ———"— (54)
GH2 PHg,an

The last flow term of (23)-(25) to be computed is the
water transferred across the membrane. To this end, theeandieréwan . is the humidity ratio of the gas inside the anode,
relative humidity is required, so the anode flow model will bé%. the anode pressure aid .., the anode vapour pressure.
firstly addressed and, subsequently, the calculatid®of,c..

will be resumed. C. Membrane Water Transport
Now the calculation ofW, .., can be taken up again.
B. Anode Channels The flow of water across the membrane is modelled assuming

In this type of PEMFC systems the input hydrogen floinear concentration gradients from channels inlet toedwthd
is independently regulated, thus it is assumed as a kno@f0SS the membrane thickness. Then, it can be expressed as
constant inputiV,,,. Under this conditions the dynamics ofl9l:
the anode channel can be modelled by:
Wy7mem _ nd% T Dw Cv,ca — Cv,an GvAfcn (55)

de2 an tm
= Wi, .an — Wiy .an,out — Wi, (44) ) . )
dt nan zamout 2 react wherei is the stack current densityl ;. the fuel cell active
My an area,t,, the membrane dry thickness angd., andc, ., the

7 = Woan = Woanout = Womem (45) water concentration at the membrane surfaces on the cathode



and anode sides respectively. The termp is the electro-  Finally, the electro-osmotic coefficient; is characterised
osmotic drag coefficient (number of water molecules carrigdrough the widely accepted expression developed in [18] an
by each proton) and,, the back-diffusion coefficient of the reported in [3] and [19]:

membrane. The water concentration terms are determinged fro
the membrane water contents on the cathodg)(and anode

(Aan) sides: where)\,, is the average membrane water content, which can

ng = Ng + N1 Am + ng)\fn (59)

Coca = gm’iry Aca (56) be derived from equation (58) considering:
m,ary
m,ar RHm - RHca+RHan 2 60
Cy,an = Prm.dry )\an (57) ( )/ ( )
Gm,dry

Where p.ar, is the membrane dry density ar@, 4., the V. CONTROL ORIENTED STATE SPACE MODEL

membrane dry molecular weight. The water content in the The final modelling phase, previous to the controller design
membrane is defined as the ratio of water molecules to thge, deals with the rearrangement of the equations fesken
number of charge sites. When no liquid water is present iim sections II-1V, in order to obtain an state space model,
the channels, the ratio can be estimated at both sides ussngable for nonlinear control design purposes. This proce

the following equation [9]: dure comprises both, coupling all the presented diffea¢nti
equations with its auxiliary equations in order to représen
Aj=ao+ a1 RH; + azRHf + a3RHJ3 (58) the system only in terms of the space states, external inputs

) ) o . _ (Lst, Wan,in andV,,) and constants, as well as taking into
being 1211; the gas relative humidity and subscripteferring  4ccount any possible assumptions that lead to order rexucti
to cathode or anodgj & ca, an), respectively. __In this particular case, the latter assumptions involvengk

The next step is to estimate the apparent diffusion coerfﬂnmefcp = Thum anddi, /dt = 0, which in turn, are assumptions
D,, of expression (55). Two different experiments can be sglzqeq on different tests that have revealed that the eqsatio
up to compute this parameter, either a cathode or an an(@f—lZ) are linearly coupled within the PEMFC operating
drying test. _In both cases, the stack current must be Setrgﬁge and the time constant of the variahlecan be neglected
zero (5,=0) in order to cancel the stack current density  ognect to the rest of the system dynamics. Another possible
(55). For the former, a long term cathode drying procedufasmption that can be performed in these type of PEMFC
is conducted, decreasing the cathode humidifier temperatgg,stems is to consider the anode line dynamics decoupled

from 55°C to 40°C, while setting the temperatures of th&it, the cathode line, because its only interaction depend o
anode humidifier, both line heaters and the stackatC. With 14 tormv. _Further information about how the overall

this test, a water conpentrati_on gradient is_establishwm state space equations were obtained can be found in [2].
the channels and an increasing extra flow in the cathode butpurpe, taking state: € R?, control inputu = V,,, € R! and
1 1 - Cp

can be detected due to the membrane contribution. the operating conditions given in Table V of the appendig, th
The second test is conducted analogously to the first one, pigty1rc generation system under study can be described in

in this case the anode channel is dried out, keeping the other ¢+ — f(z, I;) + g.u, accordingly to the following set
variables at similar stationary conditions. Followingstisim- ¢ ;- space e7C|uSations (’61-67):

ple procedure, thd,, coefficient can be directly determined
without using humidity sensors or a more specific equipment.
Figure 12 displays the data gathered from both tests (the
average value obtained for the back-diffusion coefficient i The control oriented model derived in this paper reproduces
given in the Appendix). the most typical features of a laboratory PEM fuel cell
arrangement, which is a complex system that combines mecha-
nical, electrical, pneumatic and electrochemical sulesgst
9§1076 The proposed representation ist% order nonlinear model
. Wi mem @ Cyeq=Cyan<0 primarily focused on the fuel cell fluid dynamics, presegtin
. ‘g’t‘*’"”" @ Crca=Cran >0 the following features, required for control design: canotus,
Tr smooth dynamic vector fields and bounded uncertainty. The
6 complete model in state-space representation is presanted
discussed considering modular subsystems. It is impottant
stress that the presented model validation covers theeentir
operation range of the fuel cell based system under study,
3t even though an overall test could not be displayed due to
sl space limitations.
Important control problems found in PEM fuel cells such
as the ones presented in [5][3][10] and [2Qf/O- stoi-
0 1 2 3 7 5 P 7 g Chiometry regulation, total and partial pressures contfby
| Cy.ca= Gan! [mol/cm’] x10”  consumption minimization, etc.), can be approached usiag t

_ _ . y developed control model.
Figure 12. Experimental and estimated membrane watersdfiucharac-
terisation

VI. CONCLUSIONS

Wy, mem [Kg/s]
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The mixed methodology used in this paper is not an example
on identification nor a theoretical exercise. Guided by the
knowledge of the processes and reactions that take place
in the real fuel cell system, the different components were
modelled using available information and simple experiteen
Therefore, the proposed strategy can be used as a genetal gui
for control oriented modelling in PEM fuel cell systems with
similar features. Moreover, the reactant flow model dewvetbp
in this work can be successfully complemented with the work
developed by the authors in a recent publication [21], wiaere
complete characterization of the stack output voltage imse
of its operating conditions (flows, pressures, current ttiess
was presented.

Due to the fact that the model was primarily developed
for model based control studies, a system level approach was
considered and only dynamic effects with time constants in
the range ofl0—2 sec. t010° sec. were taken into account.

The developed nonlinear model accurately describes the
steady state and dynamical behaviour of the studied fuél cel
stack and its associate devices.

ACKNOWLEDGMENTS

All the laboratory tests were performed at the Fuel Cells
Laboratory of the Institut de Robotica i Informatica Irstitial
(CSIC-UPC, Barcelona, Spain) and only possible due to its ad
vanced equipment and proficient technical staff. This metea

Parameter

Value

Air gas constant R,)
Vapour molar mass({,)
Dry air molar mass@.)
Oxygen molar mass{,,)

Nitrogen molar mass({ )
Hydrogen molar massi{y,,)
Air gas constant R,)
Oxygen gas constanii(., )
Nitrogen gas constantR(y, )
Vapour gas constantr,)
Hydrogen gas constanf(y, )
Faraday constantF)

286.9 Nm/kg/°K
0.01802 kg/mol
0.029 kg/mol
32 x 1073 kg/mol
28 x 1073 kg/mol
2.01 x 10~3 kg/mol
286.9 Nm/kg/°K
259.8 Nm/kg/°K
296.8 Nm/kg/°K
461.5 Nm/kg/°K
4.124 x 103 Nm/kg/°K
96485 C/mol

Table Il

GENERAL PHYSICAL CONSTANTS

Parameter Value
A@O 0
AlO 0.0058 Nms
Asg —0.0013 Nms?
Ao1 3.25 x 10~ % Nm/bar
A1l —2.80 x 10~ % Nms/bar
Aoz —1.37 x 10~2 Nms/ba?
Boo 4.83 x 1075 kgls
Bio —5.42 x 10~° kg/s?
Bog 8.79 x 106 kg/s
Bo1 3.49 x 10~7 kg/s*/bar
Bi1 3.55 x 10~ 13 kg/s
Boo —4.11 x 10~ 10 kg/s/bar

Table Il

POLYNOMIAL COEFFICIENTS OF EQUATIONS(10)AND (11)

10

has been supported by the CICYT project DP12010-15274 Parameter Value
(MICINN-Espafia), the Agencia Espafiola de Cooperacion Humidifier temperature(, ,,,) 55 °C
. . Line heater temperaturély(;,) 60 °C
Internacional (AECI) under the project A/026279/09, thdCS Fuel cell stack temperaturd’(;) 60 °C
JAE-DOC Research Programme, Universidad Nacional de La Humidifier relative humidity &Hp.m) 0.95
Plata (UNLP), CONICET and CICpBA. Ambient refative humidity &Ham,) 0.5
Ambient pressure®,,,.») 1 bar
Ambient temperatureT(,,,,») 25 °C
APPENDIX Ambient oxygen mole fractiony, ams) | 25 °C
Auxiliary functions Hydrogen input flow Wx, . an) 2 slpm
Table IV
bi(x) = zsms— (24 Ro, + 25 Rn, + 26 Ry) mg OPERATING CONDITIONS
bQ(I) (I4 R02 + x5 RN2 + Z6 Rv) mg 5 o
arameter alue
bs(z) = 24 Ro, ms + x5 Ky, ms Humidifier volume Uum) 2x10° T m3
RO2 Humidifier restriction coefficient@) 1.048 x 10~ 7 kg/s
bi(x) = Cop+ C;bi(z)be(z)+ Cobe(x) Humidifier restriction coefficient() 2.109 x 104 kg/s/baf
G m Humidifier restriction coefficient@s) 1.562 x 102 kg/s/bar
bs(z) = 1+ v 710 Number of fuel cells ) 7
Go (z3ms —myg) Cathode restriction constan&ta out) 0.0094 kg/s/bar
Tg My5  Tg Mig Cathode volumeW;q) 4x1074 md
bg(a?) = 2 2 Membrane effective aread(;.) 50 cm?
Membrane dry thickness,(,) 0.0127 cm
br(z) = (27 Ru, + x5 Ry) mus Membrane dry densityt, ) 0.002 kglcm?
Membrane dry molecular weiglt,,, 4, ) 1.1 kg/mol
Membrane diffusion coefficientZf,,) 5.43 x 10~6 cm?/s
Tables Membrane water content coefficiento( 0.043 [H20/S503]
Membrane water content coefficient;( 17.81 [H20/S0Os3]
EIectricZIaEﬁ(rjnuecttearnce yig) 2.\1/3|L:§H Membrane water content coeff!c!erdQO —39.85 [HQO/ /S03]
Electrical resistanceR) 2.03 Q Membrane water gontent_goeﬁ|0|em30 36.0 [H20/S03]
Torque constantk(;) 0.0031 Nm/A Electro-osmotic coefficientriy) —3.4x10~1° [H,O/H ]
Motor inertia (7) 2 %x10-7 Nm Electro-osmot!c coeff!c!entn(l) 0.05 [HoO/H™]
Compressor gathered inertid ) 1.2 x 10-6 Nm Electro-osmotic coefficientn(z) 0.0029 [H2O/H™]
Load torque coefficient4o) 4.10 x 10~* Nm Table V
Load torque coefficient4:) 3.92 x 10-% Nms AIR HUMIDIFIER AND FUEL CELL STACK PARAMETERS

Table |
COMPRESSOR PARAM

ETERS



(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

El

[10]

(11]

[12]

[13]

[14]

[15]

m1 = kg/R
ma = kg30/m
m3 = A130/m
mq =m/30/J

mps = Tsta/thm
me = _Psat(Tsm)RHamb + RHhum,caPSat(Thum,ca)
mg = Tst/vca
mg = GURHhum,caPsat(Thum,ca)
mio = Psat(Tsm) RHamb
mi1 = GUPsat(Tsm)RHamb/Ga
mi2 = RHhum,caPsat(Thum,ca)
mi3 = RoTstGo
mi4a = GURHhum,caPsat(Thum,ca)/Ga,ca,in
mis5 = Tsth/Van/Psat(ﬂh,an)
mie = RUTst/Vca/Psat(ﬂh,ca)
mir = RHan,inPsat(Tlh,an)
mig = Tst/van
mig9 = Tsth/Van
mao = TstRh/Van

Table VI
STATE SPACE MODEL COEFFICIENTS
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