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Abstract: Electrochemical impedance spectroscopy EIS i these cases, the hydrogen concentration shauld b
an experimental technique that can be used for oreds determined in the mixture. The fuel spreads through
the ac impedance spectra of polymer electrolyte datt  the electrode until it reaches the catalytic layfethe
(PEMFC) cathodes under various experimental cooditi - anode where it reacts to form protons and electiams
This ac impedance is used for identify electrodesfl shown below in the reaction given in Eq. (1) [&]:[
channel flooding and membrane drying Hp,+1/2 G — HO + heat + electrical energy (1)
The main goal of this work was to develop a suétablin order to get an electric current out of thisctem,
PEMFC impedance model, which can be using for imed hydrogen oxidation and oxygen reduction are segérat
diagnosis of PEM fuel cell. For this one a noveby a membrane, which is conducting protons from the
optimization method based on factorial Design mathmgy  anode to the cathode side. The semi reactions tn bo
is used. It was applied for parametric analysis oglectrodes are

electrochemical impedance Thus it is possible duate H, - 2H+2e- anode ) (2
the relative importance of each parameter to theuation O +46 20 cathode 3)
accuracy. Furthermore this work presents an analgéthe 2

PEMFC imped behavior in th f floodi .
drying. impedance behavior in the case of flooding Mwhile the protons are transported through the

membrane, electrons are carried by an electrigitirc
which their energy can be used. This process i&sho

Key words. PEMFC fuel cell; Electrochemical Impedancein fig 1
Spectroscopy (EIS); Water management; Design

) . ; . grotons are able to cross the membrane only drat
Experimental (DoE); Fractional factorial design y drath

to water molecules. Thus, it is of prime importatwe
ensure at all time steady minimum water contetién

1. Introduction. electrolyte. Water management is one of the most
In recent years, with the problems of energy sigerta .ritical elements of PEM fuel cell desig.
and environment concerns, renewable and cleanyenerg ¢ ¢|Load E €

become more and more popular, one of the altemativ o
sources of electric power is fuel cell. It is tHeam e

energy, without any harmful emissions to the =
environment, and has high power density. Proton € . H
Exchange Membrane (PEM) fuel cell is one kind of || H H, + | |O2

fuel cells that can work in a comparatively hig CH H H*H+
efficiency and low temperature condition. It is afe HY

the promising technologies for alternative powerrse Membrane

of rgsidentia?power ge?weration in future Fl]-[S]. Anode catplyst |_Gathode catalyst
A PEMFC converts the chemical energy of a fuel, jus @

as the hydrogen H1and an oxydizer, just as the oxygen H,O

O,, in electrical energy. The outline of a typical

PEMFC is illustrated in Fig. 1 [2]. On one sidetioé Fig. 1. Basic Fell Cell Operation.

cell, referred to as the anode, the fuel is sugplieder
certain pressure. The fuel for this model is theegas It can enter the PEMFC via the anode and cathosle ga
H,, although other compositions of gases can be usetreams and is produced at the cathode by the nxyge



reduction. It exits the PEMFC via evaporationconstant?rd
primarily at the cathode. In main order this paper )
outlines the processing and results of algorithm _0°
development for fuel cell diagnostics using? p (6)
electrochemical impedance spectroscopy (EIS) data

[6]-[8]. This has been done to assist with thgnd a resistance 4R
development of both onboard and off-board fuel cell RT 11
diagnostic hardware. Impedance can identify fahlis R TS 5 — (7)
cannot be identified solely by a drop in cell vgka nZFZS/ w cD

Furthermore, it is able to conclusively identifyrhis leads to the final expression of the concéiotra
electrode/flow channel flooding and membrane dryingjiffusion impedance:

2. Impedance Fuel cell model formulation N
When there is no mass transport limitation, the@xed ZW(j.a))=Rdw) ®
reaction is simply represented by an equivalent V(g j )

electrical circuit of parallel RC cells. Howeverhan

there are considerable variations of the interfacidVere _ _
concentrations on electrodes, The Randles celig@], R is dimensionally homogenous to an electrical
common and practical way of modeling arfesistance andd is dimensionally homogenous to a
electrochemical cell as an equivalent circuitohigists time (s) _ _
of four elements: two resistorBm, standing for the Finally, the total impedance of the fuel cell is
ohmic resistance of the electrolyte, here the prot¢omposed of two impedances, one impedance for each
exchange membrane, anBp standing for the electrode (anode and cathode), in series with the
polarisation resistance, due to the oxygen reductiénternal resistanc&, linked to the membrane. By
reaction; a plane capacitoCdl, representing the furthe_r rr_laklng the assumption that the rate |Irg|tln
double layer capacitance at the electrode/eledtrolyeaction is the oxygen reduction at the cathodeyilve
interface; and the impedance of diffusion calledeglect the contribution of the anode impedanceeo
Warburg impedance. It was modeled by the equatiggll impedance. Thus, the equivalent circuit retdito
From the Butler—Volmer equation and Fick’s seconghodel our fuel cell is that of Fig. 2, and the aler
law of diffusion; it is possible to derive the geale impedance is:

expression of the diffusion impedance for a finite

e . . _ 1
length diffusion layerZ,,, [6]: Z(jw) =R, +-
jwCy + (I R, + Z,)) ©)
. RT tanh/((w)/D p? 4)
Zy(j0) =—— =
n°F 5\/?0 QJ\/TD Cdl
| |
Rm I
Were: Ro Iw
5 : Diffusion layer width (m) \\/\//
D: is the diffusion coefficient (frs )
N: number of electrons Fig.2 Randles cell
R: perfect gas constant (J mol-1 K-1) As seen in Fig.3, the fitting of a Randles celthe
F: Faraday constant (A s mol-1) experimental data is good but not entirely satisfgc
C,: oxygen concentration in cathode active layer (mdlhe bulk of the problem comes from the high-
m-3) frequency part of the model, for which the Randtk
S: active area (m2) predicts a semicircle centred on thaxis, while
T: temperature (K) experimental data clearly show a depressed semaicirc
Relation (1) can be re-written as: (i.e. centered below theaxis). As a side-effect, the
model misplaces the transition between the two
h (@2 /D) semicircles. These depressed semicircles are ysuall
Zy(jw) =— ZRT . é% fan 00:6 D) dealt with by changing the standard plane capacftor
n“F?8/ jw Ve (5) the Randles circuit into a constant phase element

(CPE), as seen in Fig.3. Whereas the standard plane
capacitor exhibits a first -order behavior, the CPE

Which leads to the definition of two parametertsne  impedance is defined by:
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Fig.4. Randles cell with CPE impedance.

With a value ofa usually ranging between 0.5 an

1.Thus, the impedance of the equivalent circunbig:

Z:(Ja)=R,+ -

Qjw)" +1/ (R, + Z,))

(11

with experimental results. The value of the time
constanty, is calculated from the frequency

corresponding to the peak of the diffusion arcfaksis
internal resistance JRis concerned, it corresponds to
the distance between the origin and the intersectio
the impedance spectrum with the real axis.

The remaining parameters{mR, and Q) are identified

by using non-linear least square algorithm.

Table 1 shows the values of the model parameters
identified for four impedance spectra Correspontting
flooding (RH=100% ) and drying (RH=15%)

r by slightly reducing the space between lines.

3. Factorial Design of Experiments M ethodology

between a number of factors affecting a processand
output of that process. Regardless of the domain of
application, this methodology is useful for three
objectives: screening, optimization, and robustness
testing. Employed at the beginning of the invesibga

of a new application, screening experiments are
commonly designed to explore many factors, in order
to evaluate their effects on the responses. ltrabses

it possible to obtain the best possible precisionhe
modeling of results and thereafter the optimizatibn

c]Ihe process

Definition of variation intervals of the factors
In this study the Factorial Design methodology can

For identification of model parameters the nondine be used to evaluate the respective impacts oklagve
least square fitting algorithm of MATLAB® was usedhumidity RH (%) and Time t(s) on the FC impedance
to identify the relevant parameters of Randles cadperation Table 1

developed in Section 2. The principle of this ailon  The full factorial design required 2n experiments,
is to minimize the square of a nonlinear functidriley

finding the best values of the unknown Variable. (.
model parameters) starting from their given initi

values.

where k is the number of factors [9]-[11]. The n@anb
f factors considered in our work are relative hdityi
H (%) and Time t(s) the number of runs are 4§ ab

It should be noted that the impedance points medsuf?2)-
at low frequencies, whose physical significanceais
clear, and the points of impedance having a pesiti¥We use a full factorial design with 2 factors [@]ith

imaginary part (due to wiring inductance) are akeh  such models, the response of the process is express
into account for this identification process. Aswh

in Section 2, the parameters of the fractional rhode _ fu)=g + +
which are to be identified, are,Rletermined by an Y~ "4/ =G ; Ty

algorithm of identification and then this valueuised
to do “fitting” for the other parameters of the mbde

their according to the factows (i= 1..., €)

Y Gy

i =1..

(12)

Table 1
Model parameters and cell voltage during the flogdind drying
Time(s) | RH(%) Rm Q Rp Rd td U
500 15 0,00512, 0,952 0,0099 0,0031 0,1165 4,06
3700 15 0,0088 0,62 0,013 0,0101 0,1885 3,35
500 100 0,00398 1,109 0,008 0,0034 0,08[72 4,18
3700 100 0,00416 0,936 0,0168 0,0312 0,0947 33




Where ¢,, G, andc; are calculated coefficients. A
normalized centered value can be defined for eac

factor as follows: 0,50 I—H I—H

n

u - 0,00

x.=—( ! L1C)=u* J13

! Aui I -0,50
Where: 1,00

- U max*Y mir) AL = Y% max ™Y mir) g 9 & & = 7

ic 2 ic 2
With these notations. the function of re(slégnse Fig.5. Plot coefficients of effects and interaction
becomes: ’ factors of model parameters and cell voltage

The mathematical model of the response (Cell vejtag

y=f(x)=a+> ax+ Y axx (15) is linear with significaninteractions, given by:

i=1.. i#j=1.
Wherexi can obviously take only the valuesl (for

minimal input valu&min), +1 (for maximal input value Rm=0,00609 0,00171949t -0,00250279

Ximas)- ) -0,0016743¢t RH (22)
In the present study, i.e;x t*(s), %=RH (%), the Q=0,90425-0,148901t 0,1275R
linear model of impedance will take the following ’ ’ ’ (23)
form: +0,0667517t RH

R, =0,0118+ 0,00334376¢ 0,000557375F
Rm=g+4dt+ 3 RA+ §tRF (16) +0,00150034t RH (24)
Q=a+gt+&RH+ &t RH (17) Ra =0,01245 0,00944438+ 0,00553026F
Rp=g+&t+dRH+ & tRH (18) *+0.0077064St RH (25)
R,=g'+d{+4RH+ &'t RH (19) r, =0,120225 0,0221923¢ -0,0326524F 26)
ry=a+a(+§RH+ &'t RH 20) -0,0219176t RH

6. 6 . U =3,7225-0,450102¢ 0,0459784R

-0,0958537t RH

Evaluation of quality of the mathematical model

Table2. Matrix of full factgrial designxwith two faars. The quality of the obtained mathematical model can
N t RH be evaluated by two statistical criteria which giken
1 -1 -1 directly by software MODDE 5.0 to check
2 1 1 experimental R2 criterion) and predictive Q2
3 ] 1 criterion) quality of the mathematical model. When
7 1 1 values ofR2 andQ2 are close to the unit, the model is
considered as good and can be used for optimization

. . . . and prediction [11]. As values of these two créeri
Matrix of full Factorial of such a design with tto nggcording to the model given by equation (15), are

and RH) factors is given in Table 1 developed wit spectivehR2 = 0999 and)2 = 0943 the model can
Software MODDE 5.0 (Umetrics AB, Umea, Swedeny, ;s he ysed to predict and optimize the process.

allows creation and analyzes experimental desibas;

program assists the user for analysis of the ieanid 4 Simulation Results and discussion of
prediction of the responses [9]-[11]. It calculatea%eim edance resoonse
coefficients of the factors and allows modeling an We psimulate perﬁ%ressive behaviour of impedance

optimization of the process. Obtained results atingr . L ORE
to matrix are presented in Table 1 were the respoﬁs%'th variation in time from (500 to 2700) under

; . . hydrating conditions RH=10% (e.g., dry gas feeds)
impedance parameters is obtained from t c
experimental manufactured by [5]. Furthermore Fig ode plots of spectra from dehydrated PEMFCs

representing significant effect and interactiontred '€ cha&actenzed by”an increase of (éelldapee
model parameters. magnitude across all frequencies and an asere

(less capacitive) in phase angle in the ioichigh
frequencies fig(6). The dehydration effect is digua



visible in the Nyquist plot fig (7), which showsight We simulate progressive behaviour of impedance with

lateral shift by the amount of the membrane resgga variation in time from (500 to 2700) under flooding

(Rin) increase conditions RH=150%. Bode plots of spectra from flogdin
Under high load conditions, fuel cell current dgnsi PEMFCs  are  characterized by an increase of low

increases and the production of water at the odath requency cellimpedance magnitude and a decragsmse

by oxygen reduction reaction (2) and by ttec angle (more capacitive) in the mid to low frequesdig(8)

osmotic drag increases. Unchecked, this cahttea

flooding case. The initial stage of flooding is

characterized by a slow decrease in outpliage

as liquid water begins to accumulate in the

channels and constrict the gas flow thuseiasing

the diffusion related equivalent circuit parametg,

and time constant, .
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0.2
In main order to make a diagnostic of flooding and
drying we simulate progressive behaviour of ¢ %*
impedance with time (500 to 2700) and the relativeg 1
humidity RH (%) from(10% to 100%) and Make a §
diagnosis-clogging a fuel cell using the 5 criteria  0.05
behavior on the impedance
l-Internal resistors R (measured at high 108
frequency)
2-biasing resistors |3 (measured at low frequency)
3 frequency of arc-Summit. . 0 _
4- Imqaginary of arc summit,Jx RHO0) Time(sec)
5-area (Re(2)*Im(2)) Fig. 12. Resistanc at low frequency of the stagk R
As shown in Fig.10, the value of the resistance
measured at high frequency of the stagkifcreases As shown in Fig. 13 and Fig 14, the value of
with time acutely when RH% of cathode reactant gagagenery of arc summit Imax and area(Re(2)*Im(2))
decreases from 100% to 20%. The main reason is thereases with time acutely when RH% of cathode
conductivity of the membrane in a PEMFC is directlyeactant gas increases from 100% to 20%. The main
related to its water content. When RH% increades, treason is the conductivity of the membrane in a
water content in membrane will increase, consetuenPEMFC is directly related to its water content. \Whe
the membrane conductivity will increase di R, RH increases, the water content in membrane will
of the stack will decrease. increase, consequently the membrane conductivity wi
increase and the,of the stack will decrease.

5

The resistance measured at low frequency of the
stack Rq is shown in figll, it gradually increases
according to time as RH % of cathode reactant gas
increases. Because the relative humidity (RH %&caff
the proton mobility at high frequency.

30

fmax(Hz)
N
o

[N
o

Fig. 12 shows the frequency of arc —summi f
behavior. It emphasises the observation that the ar
summit frequency stays constant with variation of o
relative humidity RH % and times. 100

RH(%) 0 Time(sec)
Fig. 12. Arc —summit.f,,behavior



Imax(Ohm)

RH(%) 0

Time(sec)

Fig.13. Imaginary of arc summit Imax behavior

area(Re(Z)*Im(Z))

RH(%)

Time(sec)

Fig. 14. Area(Re(2)*Im(Z)) behavior

5. Conclusion

The technique of electrochemical impedancé
spectroscopy EIS was demonstrated as a powerlul too
in order to diagnosis of Proton Exchange Membran

Fuel Cell (PEMFC) behavior in the case of fliood

and drying. This paper proposes a simple impedange
model represented by an equivalent electrical itircu
called Randles. This model augmented with a CPE
was found to be an accurate model of the fuelsell’
electrical response over a wide range of operatisg
conditions. Furthermore Factorial Design methodplog
(DoE) method has been used to evaluate the respecti
impacts of the relative humidity RH (%) and Tims) t( -
on the FC impedance operation. This new approach
allowed us to identify a set of two parameters,

exhibiting high sensitivity to either flooding oryihg

out of the membrane electrode assembly. Robust and
reliable PEM fuel cell's state of hydration monitay 11
was demonstrated using the resistance measured at

high frequency of the stack;Rand the resistance
measured at low frequency of the stagk.Riowever,

a further study is necessary for the developmeiat of
more specific algorithm for the simulation of the

transient response. The major work needed in future

1.

consists in defining more systematic methods for
identification of the parameters and their validati
particularly in the time domain. Moreover, it wdul
also be interesting to use tHezzy logic FLC
controller for water management based on resistance
measured at high frequency of the stagkaRd The
resistance measured at low frequency of the stagk R
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