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Development of the Low Cost Impedance Spectroscopy System
for Modeling the Electrochemical Power Sources
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ABSTRACT

In this paper, a low—cost impedance spectroscopy system(LCISS) suitable for modeling the electrochemical
power sources such as fuel cells, batteries and supercapacitors is designed and implemented. Since the
developed LCISS is composed of simple sensor circuits, commercial data acquisition board and LabVIEW
software, a graphic language with powerful HMI(Human-Machine Interface), it is expected to be widely used in
substitution of the expensive EIS instruments. In the proposed system, the digital lock-in amplifier is adopted
to achieve the accurate measurements even in the presence of the high level of noises. The developed hardware
and software is applied to measure the impedance spectrum of the Ballard Nexa 1.2kW proton exchange
membrane fuel cell stack and an equivalent impedance model is proposed based on the measurement results.
The validity of the proposed equivalent circuit and the developed system is proven by the measurement of the
ac power losses of the PEM fuel cell stack by the ripple current.
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.M B
TRAXA : HaY AAD My|Zsts xpg
E-mail cw'777@ssu ac.kr - .
SIS AN Fo B Era A{ AT A w29 ATLYEY LAZ AR}
AR 2007, 10 15 1RE ALAL = 2007 11, 21 ze

e 47188k AR gl W Tl A
SAEE 2007 12,17 oz dEiL o ARAAE Fastk 7] B9 A



25 ol§tel WHE AN FAERE B An
& WEshe 3 AuAdelnh e, A LAGA
A ol e 58S Uil Foigeld gl
AL BE gew A%E 4 ol 83t
o el AR SR Le st DOE 29
S Aevad AU FFe7) AAAE A=w
2719 ALge] B5AolM, ek ABWAT|e) A7)
ANA oleld AZE AN AEA 2 BEA

.]
0 =
B ARE BEAA 145 77l AAZ 99 o)
o Z o3,

°
AEAA = ARE AV|dUAZE W3laele= A7) 8e
A A ME7712A 19 SEALS Yisiet uke
3 Aoy =ZaAzd oEaA Al duAxE
zdgay] 9% EWQ Ho] dAso] gl g
FEO A e AZR geE v e o
2479 *éﬂ]‘%ﬂ?% dez AW 2ge st
Aoz A glo]l aRe EAL AEHolA
ke Aol dhg ofeiemTY 58 AAmdr) T3
dEste] AlBF oA = AL A Brlsa).

d718 84 dod s 23 (EIS: Electrochemical
Impedance Spectroscopy)2 T2 A 7]3} 8L o}o] A
A=dhgolnt EjbAle] BEAS B43] 9% 43
ErEA 2 &893 itk Alad $He ByL
A9 A4 2 Fx, aga A7IM doju= vhg
of #3 FTHHI ARE ATz, $E5sEon}
o33 1 “J AA S LM E vG {83 T2 o]
493 a&ﬁ}“m. EISgha 2ev 471884 Jdsjdx

R=vd o]
AN

o

e

O, ox
mi i
flo 10
© o

T g

o o

N

r i T

off 4N
N
LA
o
A I
=Y
1 ol
g

il
ey
2
Of
)
rlr
o
it
o
=4
o
lwi
i)

T
°
>
[Uo
S
I
I
o
R
=3

2R HE
- &
o
3

[0l fo

oy
o,
olft

N

o e

s
N
N
N
N,
fo r
off
2
2,
X e

i)
rlru_I
1=

i

=

o

>
o o,
o
Jas)
I,
d
% [

X

offt

N

2%
2
2

©,

X
b= oW 2
oo e Qoo N &

M ol g2 2 oo

o,

)

o

rir L
= i
o e

o e
{0, M

e
N
i)

el

t X2
o
2

FORU g
g
W o

g, 2

O PN N
[
>,

o &
)
i
B
rloy o
~N
gt
e
o
e

-

fo i —v o ) olr

ol
-

2 o

)

re o
-

I, ofo o
A
o F
id
l
2o
IS
m
L
Sot,
o,
I R
ol oox
=2
lo b

& g0 = T
=
w
% -
*_,ﬁ
e
Flt
o
>
{t 10
[
=3 off

lo &
ol

AU

=,

)

il

offt

>

[

ol H
Ol

i
so = i

—~
rir
2
©
N
A
olf

T A% AdHor dud FY AR 349
bk, Alawe) &d AEHE AA WelskA] @
HA g F e dEe dF3y A
(Non-Destructive Test)g}= #olth

F ol olefgh 718 duds FEEE o
g3t} AsAA, W, FHANAE S 2 W75
oA AEr7)1E mddsta 57t °U1?ii 1o 3}

gE HgE AXste] 1 AHE A ATt

& AgEa Jo Adr) gy @@,717191 )
‘?di ndgs Y3 = JE AE E] dg A
wEo] glont wig- aivtoln ) iFEe] gHj= A
9 gl AdsHA JpdEe] AsHA "ot} i d
Zo) wiHE 4 AR BEe] Zdyg] AL
7] ofgrh

2 =EoAe olgd ke AHlE oA
= Azt A7|EEA Qluu s B ’\1i@—°€ A Q3
o} Aokdl A= 7k AA IR W pCE ]LLO_
3l= A% DAQ Board®} LabVIEW /\“E"ﬂﬂ

g3le] FAHACH AAFse] S F% 4_1*1%
WA A G o AA dl-&5F Ao 013: 174A]
1 I 0] FAo] Fhssith

wa fgAE AEAFHE Y3 FFT(Fast Fourier
Transform)"-21ell v]3l] AAbgFe] A1 A3 Digital
Lock-in Amplifier %215 xEate] wo]l=7t Hol X
T AZANE AFH FIeo] TS A3 g
d WomH =49 ALLE =4t JhHE A=d

o] &3te] Ballard Nexa 1.2kW PEM A& A9
e 2 % %—W %i Zﬂ’é} h @Jﬂrg o] &5}

F

0

a8 1 FOHE MUK UEEA SETAlABe] P
Fig. 1 Proposed low-cost impedance spectroscopy system



48  BHETEE HOGE F13% Bk 2008F 24

2. M7HY YuEHA B AAH

2.1 ®a AlAde] M P AuHA =X
MA=A

I¥ 18 AL AT dsRs B Axsgle) 7
A UET gtk A Asge cdn 2ol b

9 A 2 AF A4 329 4§ DAQ Board, A
A8l LabVIEWR 243t AT EOE FAdE
24 AsAA, v, sdAGAE 59 @7
et o] A7) EE AGFAE)IL o] 5S
2ade] 7Hed AzFE8HProgrammable Electronic
Load)el 4Z= o] glt}. LabVIEWel <&} g 7
F A N3 dAARste] o Aojgald] 7ha)AA
Aoz Re BEF AN 54 Fu5e A
E FYGEE Ao, ojue] AF 2 AL
23t A4 F2ZE 53 DAQ Board® ¥ Eo] tyxA
g dolHE wstdc e dolHZ2E Lock-in

I

Amplifierg o] &3t 7}eix 54 Fa¢ RS >
E38la, I FukeolAe] AC YUAE AXEA =
ool g HHE 54 T Aol dAT F
B AR wiEET O ANZRE Bode M% T
E Nyquist =2 84 D}

A, A7 duds EEe vEHew
S04 A2ds AE(Perturbing) A 7]31 1 9L
#EsE YO, M2 g2 ZzAxd BEd

1=

A= M2 g8 A (Time Constant)E ZH=

< Aol 7|23 ERE 249 F48S A7) 93
Ae thge o 7R MAzA| wErojof gty

ARME AE A (Linearity) 2.8 ¢Jy]d29] 248
A A A2glo] MyHom whS3ltie 7HA FlofA
gk f&8tt). wEkA 4% F(Perturbation Current) )
A7l ad g3 A7e 9 Ade AW =71 4
(D3 Zo] Td=+= E4UN(Thermal Voltage) 2ot
A HEE dAstojol 3} dutdoz AgHAE
¥ebete W78 AE Ve mg mAgs B
AE Ze Flo] AMAolAR A (DNE FolrE AL
AEd WM ddH ez whg-gi}

e

V= R—;: 29m V@65C 1)
R=28.314[J/mole — K]
T= Templ|K]

F=96485[C/ equiv)

EAE A7 (Causality) 2.2 A 28lo] Foja A%

Frel T Fhre SHo]l SAFO R ke
Aol AME A (Stability) 0.2 &4 713+ &<
A 2ge] SA4o] WA gofob sal, E AFo] AA
Foll= FAEE EFsteol k= Acin, UA
T4 (Finite) 2.2 SAWE] g¥die 0 F
e} Fakeol M e ghE hAoF st el
Fapo A dHola w3 FE Ak = A
ojty, wetM & AYM= ol eFxdE BF
HEAZIEE AA|RE A 2de wAsEA
d3e A

e )

ol

22 AA" sl=goje] M

Agel] AMg-E AAREE Chromarle] 63204 29
2 01Hz~20kHz7}A Dynamic Loading®] 7Fs3tch
LabVIEWZ 2% VI(Virtual Instruments)ol] 23]
24 Fag delA AAHE Fo52 Sine A E
DAQ BoardE %3 HAEste] gFAe dxz £9
s, AR SUS JH AFE SAHNTeR
FE gAY ojd A% AFEMIZE o] 83}
451, AF= LEMANY] HHAA LASG-PE
3 A FAHHAELS DAQ BoardE 53 ¢
g dolHE Wad ¥ AFH R AddEn. o
AAeA ZA4E A4 JAFE A AE]
AHe"E NIAY] PCI-6154 DAQ Board: 16bit
HEE YA 247 499 4719 ofgza 9
ztal 9om 7 Ade Hi 250kS/se &
273 A3E YXAE dHolHE w®Fsith =
I £29 D/A 7AWEE 713l ofg
Zta glo] o] & FIte] HEs WE
35 Y3t T 3 e
ol ZHE Lock-in AmplifierE ©]&3}
A AHste Waoz ALt

o N XN oot &
>

3

£

lo

'3
e R

al o

o}

i

i

S

b e
to ofr (>

JH ot
=
i

2
oL MY
L2
=

A

S~ P 11 (R T )

do Ay
i)

o

23 AAH aAzm

AZEdoles 34" JY, dAF dHolHEXR
Lock-in Amplifierg ©]-&3te] Z42+9] Ag Fa4
oo A5E FE3 T YU E ALl FH
Nyquist AEE g+ dHoly 43 XE=(Data
Acquisition Mode)®} 31 Jd2 Ho[EE 3
43 S7te 28 A48k AR AY(Curve Fitting)3t
= 4 F=(Analysis Mode)® thd Rith

A dolE £y HEoA dE AFY Are F
g {9, 283 Offset gH(DC A4S AA3hA
3 o] 22 a:;H VIA AJAE 31 DAQ Board



8 Y50 AARINE A
oAl Hrt. oMo AfFwse]l w2 Zgdge &
HAY W7t 450} DAQ Board® %3 PC2 ¢
Hxo] dueart AXETE 18 204 BEo] 3m
Aol AAd AEE JHPNA XA gl me VI
& Bd wEon 29" AANI(Sweeping
Sinusoids)7} AAHEElR ¥ Hw o] AF7} AR
3H= Aot EjéﬂE Ty A{7E dadxz
FH 295%E gt}

SRS EN Lockfin Amplifier% ol-gate] vk}
Zo] Axagh 1z A (2)9 o] xd}
B, 249 A% 4RE 4 G lEA et 2
Fulold A7) 9ake] & AE 9 Noisedhe] 3
o= ¥¥€ F gtk

o ohdm YyES
3

a8 2 HUE AZEYofo Mol £F 2=
Fig. 2 Data acquisition mode of the developed software

T8 3 JHHE ATEQofe] EMu=
Fig. 3 Analysis mode of the developed sof tware

r(t) = 2sin(27rfrt) (2)
m(t) = Asin(2nf t+¢) +n(t) 3

4 @9l AFAEE A W 2L A B
3} PE YA U oY RoE wEold =
tlo]H & e Xt

rp(t) =sin(2nf,t), ry(t) =cos(2nf,t) (4)

Real =m/(t) X rp(t)
= Acos (@) — Acos (47rfrt+<p) +Asin(27rth)*n(t)

(5)

Inag= m(t) x rQ(t)
= Asin(p) + Asin(4nf t+p) + Acos (2rnf t)*n(t)

6)

i
=

fols
Lo

ik

o

R B

R Sy

o 0 o2l o oal N ol ox

fo

o,
M o
-
L
p
i)
ir
N
— posk
on gy
do
ox el
ifo >
a, 38,
2 o fo
2 % 8
A g
o m}(_‘ il
oy e h X R
N I

NN

do oo kI opx Sy o A
o,
o
it
—z
T,

N
—

<
=<

|

e
~
~—

24 X ZH3lo| S5 2 B4
a9 39 YERH FMEEGgAE SHE b
E} AT 57} dad A 7y

T3 5o J}E}UﬂEie TE3
shul

o,
i)
ol

J}loﬁi
ox, 8t o=
to R
4k
o2 [T

ﬂll
2
I‘Xléél“,ﬁm;

a 4°ﬂ Randle9] ~7}QE§ L}E}

o A3 F 7H9Jr Adry stz FAE 74
REZA HHAE REY Y HF A5 AdFHE g
#olt}, &84 3(Solution Resistance)S WEFNE R,
9} MEA(Membrane Electrode Assembly) W&o &
dHe= A7l ols%5 AWHAH(Double Layer
Capacitor) Ca, 283 A3 #AF 93 (Charge

Lok rr A do poh -



50 EETEE #IGE B13E H1HE 2008F 27

Rs ll

——

T8 4 Randle® S713 =2
Fig. 4 Randle's equivalent circuit

3% 5 Randle? Sﬂzli 0|88t AL ny H3}
Fig. 5 Curve fitting result with Randle's equivalent
circuit

Transfer Reaction)oll 2}3] A7]=
=  ®3FA3HCharge Transfer or Polarization
Resistance)o]2til 8= Re® AAZE o|FoiA 714
pde Feolxut, HA o] FRE o]gste] =44
HolHE AR HY & H$ 388 4 &= 23 ¥
A(1-2%) N2 FEE w5 o] s,
o|RAL Ax o]y Mgt ERE JdE8HX Y YR
WS X3 Aol AARA FeS 9vd) 4
(8 28 49 Randle 329 YA2S Vehyd,
OF 5% °o]F o|43 AX Yo ARE Jehirt

+ R, _ j( wR Cy j )
1+’ R? C’d% 1+ wQR; C’;l

WE A% A

He ¢ AR 28 64 20 dadds)
IR Wi A 439 12 49 N3e=
B vAYFE F e AYSE A RS o83

A 4%—3— A3, o] mudAE 77
3 wge AP ANNEHL 98 948 Hme

R

= IEF

248 HAom  oqr]x,  H3kdE A (Charge
Transfer Resistance) Rea®t Rec® Anode 2
Cathodeol| Al G229 Absle} Abie] EYubs-& e
e, Caa%t CacE ZF AF0lA vetdes A7) olF
= A /\] E1 (Electric Double Layer Capacitor)©]th.
A ¥hg-& Yehlle F AT Ateldle A
(Electrolyte) =Fe] MRS HetllE 2AFo] gl
th AX Hge olg} e wdS o]f3ly olE B
do] zty Qe $7F FEaAY] ey x7AE
qEste AFE o] $ olF wE Y e 19
5ol Yeld &dto|l= HEE o] &3t &olstA WA=
T gon o] w Fris|EY Fuked Ydudae 2
7‘37§_E’Jr9jr i o] FAld ZAIFZE setey

AAZIH e Ao Wstel vEe] A w
5"]"“ 2UHF 3= Aol 7tk olgg TE
ol &3std wetulg o Wy} duE s H4 ] Wl
012&64_7]] ogs}_og u]j]bz] /\1;0790] 74E_E E]Ez‘ﬂ—
UA Ho #AH FoF dFtol oA wi¢- 3HA
AHEE F otk 9E e AR 299 é‘ol 18y
i Chi-SquareE Aitgel o3 HAzE Aitse] o
& o] Hrh

N

1m

-4 = dlo m1ru

2 T (93,) ?

Xazz[iy / } ©
i=1

vy, : Measured Data

f(z,;) : Fitted Data

o, : Standard Deviation

H© Ageel 54 dolee A v,
959 AEst ek AdE ghol 1~2% ol +
WY A% 24 dolHs SAEEE ofF Uhe 4
#4923 JE Aow Fudm, Uiy Agd »
9 27t 348 A%E ehiy] 4432 ¢ 4+ 3
o 29 7& AA A2d BEES et

3 M3 2 &

a3 87 o] E Anel ATEOIE o] &3}
o] Ballard Nexa 1.2kW PEM @8d% 29| 9y
UAE (01Hz~5kHz B8N &2Asta 49 o)
HEZHE 19 69 571 d9dx 2dE o83 gt
WEe F&& A& Btk

A ARS 99 dsHAE MM FatE

%7%1
A 283 ANES el 2Ly JHLE



A7)skepa A J7s mdge e Avtel dvds BB Aswd AY 51

— —

J2 6 PEM H&
Fig. 6 Internal structure of the PEM fuel cell and

Hxlol 2PE o St gulEa =Y

an equivalent circuit

e ] )
Electrochemical |
- _Power Sources ¢ )
£ |

- R
Current Measurement ‘ ' Voltage Measurement J |
)

Electric Load

4

4
: 6ontrol|able
|
|
|

& 4 Reference
/Ry £ Signal e

L o ) ALY

) XX
Process - P;ocess (7i3rocess W
Mean ! Mean ‘ Mean

g § .
-—-m—-——-b‘( ln?EiianceWCirrEVUtatlon j&-—v———
\_ L ﬂiti ]
a7 e Alagel gEE

Fig. 7 Block diagram of the developed system

I Process
I Mean

60°C A=
EE 34t o3 sty A
34 For gl 94
A A3t AFE 2455 o ZORTE LabVIEW
€ o838t /e Lock-in Amplifiers & A18F
e 4ES 228 9 duRas Adego.

54 FoF g AAN A&He
2 AP AME 3 Bode A% T Nyquist A
o @ BN Aol BuE U &
BAAS FAHE olFAIIAL TA EA

Hele= 19 9
69 S7I32E o
100] vheht sick,
oA BHE urel go] deAR e XA Ay

= w439 Wsle] wE AP WskE vl

BE A =2 474 7Y 5 2xe ¥t

e Aol 49 AAsn H0[A1FE 10(AI7HA

5[A] @912 DC +44& HIAI|HA w244
A

@ JEue, o8 vgoew g
gl An Wy @ As 19

%

Polarization Curve?| 71&71$} 1 FAE #o] 3tlh

T3 oz @42 2 119 ekl dadx 29
o M Srhed sehviee] WlE AAgon

% 8 Nexa 1.2kW PEM HE2MX| AB 3 M3 2
Fig. 8 Nexa 1.2kW PEM stack and sensor circuits

EIS System

a8 9 MZ CHE 2TFE0M SHsE dulEHA9| Nyquist

=
MES

Flg. 9 Nyquist plots of the measured impedance at
different operating points



i 1% HE1W E 2H

I8 10 HFNMX| ABol 2
5}

Fig. 10 Variation of the impedance spectrum of the
fuel cell stack at each operating points

rd
Jad
T
°
=
i
>
>
il
(m
U
1o

06 Equivalent Circult Parameter

0.5

0.4
n
do3
™

0.2

0.1

0.0 - :

10A 16A 20A 25A 30A 35A A0A
Current Offset [Al
[+—Rctc ~®@-Reta -+ Rm —Cdlc ——Cd_a

a8 1 HA| Aol PHMEE SUI2Y Z2lHE{e]

"=
5t
Fig. 11 Parameter variation of the fuel cell stack at
each operating points

A siAe] Zhssith A A Rkel A HAIR)S] At
£ A9 gl i 2AAFI Aol wet el A
hukg Wb ¥ H:e] Abhel BUwge] o
Cathode: ASASATR ) AAUA 23]
"ol Axo] gl ¢ & ot 79 103 11
Ay 9oz A5e) g olddx B X A4k
o 2A% 4 9ed o] ud sjAe B =i
HFEE dolhER oylME BeA 92 S

Mg G E o] 83ste] 2AH dFure
5] $igtel SAPERE 249 wFH YYRL
183te] 2 EAFA 8 A7 AHEAE 45
o AgEet viwstgny. 719 109 Nyquist A&

& dﬁ

of it mio
o

a8 12 §F 27F(30[A])oM AZRTA|] ARio] A

Fig. 12 Experimental waveforms of the fuel cell stack
at a certain DC operating point (30[A])

Fig. 13 Experimental waveforms of the fuel cell stack
pul ling out 120Hz AC ripple current {15[A]) at
a certain DC operating point (30[A])

N wEe] ARMA 2B AFAG JAlNE 2
& Fago s $AFEE N T g 9ues
g 72 93 olg@ wF YLz 4R F A%
BRe ARAAZ AE ARE 29T 4% L4
Qorh Al ofn] UeiA glom, olH@ &4

& A10)F o] Aartmug



2| EFFol elfr A2 mXjo

i

30AOEA E SRy
30A01 M 2 A akz Al
2BAG A 2} EF N

7 2BAB A S phg gt
20/ 2] B &4
20A001 A 2] Al b

15701 M of ZH &4

Y 1AM e AN

AW

xe
o

C 1000 2154 5000
FaHz)

38 14 MZ Ci2 FFED FupolM 2[EXE0| o3
nR MM Apx| QL MEX|

Fig. 14 Experimental and calculated AC power loss due
to the ripple current of different frequency
at each operating point (30[A])

ac_loss I;‘leplf rms ZR(;(LZ (10)
Wet 54 2709 Fo5e AN dEAne ds

A4 2douny 29N 49 du ]

”“ﬂl}b S AA e} A d‘lﬂ e"ﬁj}
A Ao ola] 241 w

54 FHAHQGADANA =T 9=
AEHA 299 HPEo|t}, 92 YRE AAWaEo.
2 B2 ) ) M R 3—1, AC Coupling
Mode® #& A¢ 2 AF 298 vehir) 29 13
e 30[A] HA A 15[AH HAAE 7H7
120Hz9] EAHE TR dadAga E5e
=9 AR 29 AlgF
HEHA Y] EHo] 863[WIdlA
Kol

84 W]z = 7 T ol e 4y

o] [
= T:’ﬂ’q

ME oy,
l~>
o
rlr
>

= EAFE o] %

£do] Agxe A (10)& o

AL H w3 EJE} a9 1401]*1 A
1

_O|L
£
A
> g
e

oo,

oy
2
PR

el
o,
ikt
u,

i

5=

2 dolAE 48 DAQ Board9} LabVIEW 23
slolE ol 8d AZMY dulda EAAsEE
Fal, 01%— o]435te} 1.2kW PEM duxA e uw
ST ferE A AL b RIS
o] d71gstd oux7171e) e
190 de] o] 8d 4 s Zew V)
boolHd Aule SA4E dYuas uy

32 RS Fgstn 5tgR9 et

1% & 71718} 317 et
U dSo] Ths s AetE F3 o]y
3} A= _'zsgtﬂ» oﬂ;%o]\;}

i

%
10

N b o e
o HN T off o ol
C'm ol r‘.?ﬂ =2 it
N
1

Ol
L
T

2 olTE AiRfIEol x|glo] o3t
o1 T-2I(R-2005-7-050-01) FRo2 %8

=

e
BN

rd
po =
B )

ita]

3= ol

[1]1 G. Maggio, V. Recupero, L. pino, "Modeling polymer
electrolyte fuel cells: an innovative approach,” Journal
of Power Source 101, pp. 257 - 286, 2001.

(2] J.C. Amphlett, R.F. Mann, B.A. Peppley, P.R. Roberge,
A. Rodrigues, "A model predicting transient responses
of proton exchange membrane fuel cells,” Joutnal of
Power Source 61, pp. 183 - 188 1996.

[31 JM. Correa, F.A. Farret, LN. Canha, "An Analysis of
the Dynamic Performance of Proton Exchange
Membrane Fuel Cells Using an Electrochemical
Model,” The 27th Annual Conference of the IEEE
IECON, vol. 1, pp. 141 - 146, 2001.

[4] RS. Gemmen, "Analysis for the effect of the ripple
current on fuel cell operating condition,” ASME 369
(4), pp. 279 - 289, 2001.

(5] JR. Sleman, Y.P. Lin, "Application of AC impedance
in fuel cell research and development,” Electrochem.
Acta 38 (14), pp. 2063 - 2073, 1993.

(6] L. Y. Chiu, B. Diong, R. S. Gemmen, "An Improved
Small-Signal Model of the Dynamic Behavior of PEM
Fuel Cells,” IEEE Transactions on Industry
Application, Vol. 40. No. 4, pp. 970-977, 2004.

[7] C. Wang, M. H. Nehrir, S. R. Shaw, "Dynamic and
Model Validation for PEM Fuel Cells Using Electrical
Circuits,” IEEE Transactions on Energy Conversion,
Vol. 20. No. 2, pp. 442-451, 2005,



g

BETEE WG FL3E B 2008F 24

[8] J. M. Correa, F. A. Farret, V. A. Popov, M. G.
Simoes, "Sensitivity Analysis of the Modeling
Parameters Used in Simulation of Proton Exchange
Membrane Fuel Cells,” IEEE Transactions on Energy
Conversion, Vol. 20. No. 1, pp. 211-218, 2005, March.

[91 W. Friede, S. Rael, B. Davat, "Mathematical Model
and Characterization of the Transient Behavior of a
PEM Feul Cell” IEEE Transactions on Power
Electronics, Vol. 19. No. 5 opp. 7TH-797, 2004,
September.

[10] J.R. Macdonald, Impedance Spectroscopy: Emphasizing
Solid Materials and Systems, John Wiley & Sons,
Inc., 1987.

[111W. Choi, ]. Howze, P. Enjeti, Development of an
equivalent circuit of the a fuel cell to evaluate the
effects of inverter ripple current, Journal of Power
Source 158, pp. 1324 - 1332, 2006.

[12] Eckhard Karden, Stephan Buller, RikW. De Doncker,
"Impedance measurements on lead acid batteries for
state of charge, state of health and cranking
capability prognosis in electric and hybrid electric
vehicles,” Journal of Power Sources 144, pp. 72-718,
2000.

[13] Kevin Cooper, "Impedance Spectroscopy for Fuel Cell
Diagnostics,” The 2006 Short Course in Fuel Cell
Technology, 2006, February.

[14] Stanford Research System, About Lock-in Amplifier,
Application Note #3.(www.thinkSRS.com)

[15] Princeton Applied Research, Electrochemical Impedance
Measurements: Instruments and Techniques, Application
Note AC-3. (www.princetonappliedresearch.com)

[16] Yoon-Ho Kim, Byung-Soon Lee and Chang-Hee
Lim, "Analysis of fuel cell operation charateristics
using equivalent models®, Proceedings ICPE’95, Seoul
575-580.

[17] olZ, o]d, Asd, “d8dx AY Al=de 4A
9 A& 9%t PEMFCY 32 2d” yEyx g«
8] =#5 pp. 197-199, 2006.

(181894, #AFgF, “dEAx Al2"HE o]&¥
Line-Tnteractive %21¢] FAA #9 35 A=A AA
gl=rE2 A njels] =72 188 63, pp. 206-212, 2004.

X A A A
ol =3 (/M

ta

3_2‘

1]
ZA(

B2 R (g
19674 19 7204, 1990 =4l ®7

. 19954 = st
M Ap. 20044 Texas A&M University

(F) o

. 1995 ~



