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Development of the Improved Dynamic Model of the Supercapacitor
Considering Self-Discharge
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ABSTRACT

Due to its high power density, long cycle life and clean nature supercapacitors are widely used for improving
the dynamic characteristics of the new and renewable energy sources and extending the battery run-time and
life. In this paper improved dynamic model of the supercapacitor is developed by the electrochemical impedance
spectroscopy technique. The developed model can be used to accurately estimate the dynamic behaviour of the
supercapacitor and calculate the exact capacitance value at a certain state of charges. The model of the
supercapacitor in the frequency domain is equivalently transformed into that in the time domain for
Matlab/Simulink simulaton. The simulation data shows fine agreements with experimental results, thereby
proving the validity and the accuracy of the developed model.

Key Words : Supercapacitor, Electrochemical Impedance Spectroscopy, Dynamic Simulation, Equivalent Circuit

.M B S AAAAUALES BF Fahdsoe] AlskA o

Aap7] olele SAE 2 slo] Aoz BE

A2 Ak AR ngdE Qe il AHEE 7S 2EAYY] Ws gHeRE AAdE A

Aol Ha Qi AndA, Bd, Eudsle g Fe AGEA BAS opld 4+ ok wHANAY

= Addx(Power Density)?} =i Alo]E 44

TRARK : HaY, SN HI|BeE x4t (CycleLifeje] 2w AR 5402 <18 ofs@ 2l

E-mail - cwi777@ssu.acke AP D = SHEA Y FEEte] Hido|

el ol faas man S8301 AH8E 5 glov, Ees Gl A8 7

Mgl MM HojAS2etn mg - el AR o ?i”ol 7t
ﬁ-ﬁ‘—%’ﬂ 2009. 1. 23 1R AAL 22009, 2. 24 [1][2] ok o]ZAA o] HlE] =L EE Wn 9l o

AlAletz 0 2009. 3. 12



AAdYAE T NdE FAAAAH $544 22 T 189

Al 93 FatE gdely] Agete] HFReh a3 (Peak
Shaving)ol4}t -3} HF=3HLoad Leveling)&2.2 7+
S W gk ARAAY BT Al2de]
AHEE A9 AzEls ARSENE REste] Bde
3l Al2~Ee] Aek(Shut-down)S WAE = glom,
FEbd Al zgo e F=7HER 997 aFEE B
Zﬂ"i’\]*”‘ (Pitch Control System)o] &3I4 A&

11;} ttzs} z]ﬁ].ﬁxio /\ZHE /\]»9—0}7] Hﬂ—.—O]
*PQ“OP’ olx} Aot G| FATAE o
ol A HE wE SrhAEA gL
1= &, AL

=)

N UU
o 10
mo

[t

uN

>,
o
o
N
i)
A
o,
o
)
t..
;0
:

fr oo rot
=y o —o rlr

2=
o2
-
1)
O,
n

) of
ik
4
O>~

o

Moo rfr
2
=
20
ful
=
A
_>L
s
H
ot

ol :W
&
)
=y
>
o,
o,

2 yo Mo

- co
O:‘_lf ol

E_HJ,HQLHTJ_O{NE

o

Az 4RGN B4 A skl
F2 AAF ANd(Constant Current Test)S A & 3}o]
oy, FHAIAANEHE FHGESOC:  State  of
Charge)®} 320 weha) =L Ao] vj$ 7hwo)x
2 AAF AFEAYE b FA AAEE AES
A e FAAEE EAS Fge] gotste Aol A
o W5 stk
wEha] B =R FoAAEY A =
A mds sjukaty] e A7)k olulwl s By
(EIS: Electrochemical Impedance Spectroscopy)
&3 E} EIS 7)% g Eaﬁ wate] B4 Tz 1
5/‘3 ? ?}7—‘1‘5 ARE
AgEE AHS
G oE sdes B4 sad Awand
Matlab/Simulink&  ©]-&

E |=R =] KR
= =2=
}\]"‘%Eﬂo]}{_—é}'l AlE 7&}4%9] H]Iﬂ_fé‘ %OH H%

tlo
o

2.1 #HADAIES Fxof EM
FHANAEE o] &e] F/DA og BEH &
S B3 /o] o] FolAE o] AR 2A
Bowksst BEAS waPsy] A o
T7F Aagsel gutle,

AN

Potential Stem's EDL model

Porous 4 . Porous
ectrode : : octrode
Electrod i i Elctrod
+ / Elscirolyte i+
D+
Hedmhottz's
EDL model + i
-
+ - X
44
+
! d
+
+
+8 2 D, -
Siis Saparator
l.‘ampacl_Tl Diffusion

Layer Layer

a8 1 HEHATAES YE P
Fig. 1 Internal structure of a supercapacitor

19670l = thad A9 dudart A0 A
AEgem” @g7A A e AFeA o]E
HAWAE Y] g d=9 dyds RdR ALgs)
2 Aol wd, FAAANEE Ayl Fo9 @
2491 A 710]%5(EDL: Electric Double Layer)ol| 4] A
71 ARG st A+7F 1879 Helmholtzol <]
3 AlZHE o] 2 B ATEo] olojd dAA= 194
W Sternell oS4 AAIR G Kol AujA o
2 A g

THANAEHE Ay

Be ke Fa gEy A3

of Fmoxw Hasl 93] ow 1 Aol )
Aol AT g Feelth AANEE olemt b
% §23 gulz olFold glow, Iy ldAs 2

&
A Aol FHFol Folo] FF Hi
o] o] F3 o] oYX &5 AstA Hrh
Helmholtzell o3} A|A| H7] o]FF BdS A=
W} A Atole] AAW FHstet S8 THkE
N

s

=l

o
O

AYE Fi Y8R vFdhe BFoR de Asht
Agle] we} MdPHom doju= EFojth(1y 1)
o] wl Helmholtz A7] olF%<9 AHE&HFLE v 2
o 4 (D2 Lpehd & gtk
A
OHZGF 1)

€ : Dielectric constant
A: Surface of electrode
d: Distance of electrode to ions

191069 Gouyw #ald &9 o252
wE2 HAAA A= A= 11-‘4 Aol thato]

MAgAs 248 227 Brkn Adath of o



190 HEIUETEE HiGE 144 #3598 20097 6/

22 19139 Champman®] s 2 (2)¢} o] A
HAE R, o]AS Gouy-Champmane] AHHEZF =
olgtz g 2 (QelA BEo] H AN E
ARG &5 aga Hade w5 Tl ue A
&9 gho] ezt

o
=
=
K2
Z

]

ful

. 2ec
Coo= 2FA BT cosh/(

zFg
2RT

) 2

z + Valancy of the ions

¢ : Voltage acoross the double — layer
¢ : Concentration at the electrode

F: Faraday constant

R: Universal gas constant

T: Absolute temperature

I3y Gouy-Champmand AAde% =4
A= 7ol AE AAstrr vl
A E 2] Fhe AA R v$- 2} :
o Stern 19234 7] o5 R AH&He
U5 (Compact Layer)? g5 (Diffusion Layer)el|
3 dAEE F 7N AR Feor mddUE A

7HAE AASHATE webA A RS
2 Z(Helmholtz Layer)olgti%= Ea& =
A AALFHCet FatsollA Fu =
& Atolo] Aglel THASt H %ol whet
HAQl AHEHS 2t Gouy-Champman 78
(Ceo)®l o=z 2 ()3 Zo] Yepd = Qi o
Stern ®@oleba g

W 1o i do

gt
[

1 1 1
Cs  Cp  Cge

3

a9 1ol oA A FEANAHY] W29
Helmholtze] o] &3} Stern®] o]&d] 93 H=u} o]
= 7o) Aol Hdetahel #ATE EAEo 9l

22 THFATAEH Sz 2@

THANAE HF 57 doH s FH RS §
A o] A3 (lonic Resistance)® th&4 2= (Porous
Electrode)?] 322 Yehie 7,9 HEI2=
Ueld = doh oA el dSS ASAY
(Electrode Resistance) 1+ R.oF 7] o535 #3)Al
Bl (Electric Double Layer Capacitance) Co7} 3 ¢
A¥ AttkE] 3|22 De. Levieol 98 2] (4)9 #&
et oz A A,

Zpore = (ju) Cd ) COth( Jw CiRe ) (4)

71 FEAA 49l HE dxlel 95 A=
AEE 9} AP ES Fotodrx 773 ARAHEY &
7F s mdle SrhAE ddy e SrHAE A
3HESR: Equivalent Series Resistance) 7121l T4
A dujdze Age] oz a9 29 o] YER}
A B,

Ls Rs Zpore

a8 2 HEATAlES] 57t YEEs 2

Fig. 2 Equivalent impedance model of a supercapacitor

23 HHAWAE XuH g
92014 AR 1z SAANAE ] Qe
o 0E3d A3 7xe P YuHsz Ju
sgout fAANAENN Bk A B
& @ mdeA Eokt waol Atk wulAuA
QIRe HEHen e e T AR

9] :5H 14—]5}‘;_]—1’4—[12][13]_
B

O T o B
L10>3L':l£°£0?~r'm%

A

0]

bl =

d, /84 AFde= d5025H A w
o]

=
A Hr o= d7)steukgo ARt ALgE = 9
old e A~ (Warburg Impedance)® ¥£3 ¥Hm, A
° %l

2

o o p o @l
-
0
o
=)
2
=
N J
&
>,
v
2
ol
rir
N
re
ol
2
lo,
odl
fu} 4

N

Ao Al dojifi= uke-S HARE Zlojm 4
= Judae] 2E 4" Heg2 T Ao
A3},

Fo o3 PNAHF tho]e=oA =gk ujo]
2o 93] FFn o]o] Tk Aol oA wAs
= e B 0 | =
st A fAks, 2 5

1

QVijw

714, Qe AAINAE 2= (Pseudo Capacitance) &
o AAIE ] FHAETFT =ol wet g e
= Fholth

Zy=



>
Q
17
I,
N
lo
=]
S
rok
:l:‘
r__
e,
_l
I
h=y
D)
&
>,
o
o
Jlm
).
to
e
=
-3
—
[Ne]
—

=A A= e Abelel M yEh= e ST
of o% dFer o= T2 AHYMRy Leakage
or RAY & 4 gloH, rAadAs 9
a2 A= Jdudxe) HER2
o] == el 4 gl
off Al}te vﬂﬂJﬂ*lEM e
doll A o] 2e) ik Bl A el
df TAshs A Hddde o JuEs B
AdE o 2l & A2e 57F IR
7 .

auliY

Ls Rs

2(5)

2w Zoore

38 3 Mot FHATAIES] STt dujHA BH
Fig. 3 Proposed Equivalent impedance mode! of a
supercapaci tor

I>
el
L}
3
2

Ll
3

0}04 1‘3] 49} zFo] 45k

415 (Current Perturbation)2 ¢
1 BP4610s o] &3ttt 737
NI*Fe]  DAQ Board
Y ®gyE ol
, Lock*in Amplifier
hl“A

e [ A
ri
O
—tJ
i
ol
:l:‘.
29
ri, ek
o
0
11}1:

- o
,\.u O_|>i
lo =

¢
pis
=
NET

[e:
¢

1

Off

)
J ok
o,
2 r-(o
2
rlo

4

o

>~
-
Lo
og

AT E <]
PCI-6145 o]&3}
= gE AZEY

& olgste Algdsy

2

izw _%
o o = )\
ol
i
M

op
L)
2

=

%)

[

[

ME g
oo ol &l

B2
N
10
o %
¥°1'
il
N

Al
)«
il
)
>
>
ofr
ol
_&
A
o
N
N
rlo

w1>m
1%
m
“_.i
o,

O.\.;
Ee)
o>
1_4
O

A e A S P e Rt
AEAZIAL 1S9
/ﬂ%ﬂ/&o Eﬂo}ﬂ H
v«ﬂﬂv‘H’\]HJ T’L 13
Aatgdon, A3 g
sl

Ao 2 MaxwellAH] Boostcap(2 7V 2600F)&
ALEEFE o™ 80% SOCAA =A% AdE wlgtow
THARAE duds Bl J}E}Ulﬂﬁ a7 918l
71 2d 9 Aoty rds o]&g}oq 7}7} A B g
stal 1 ARE vaekth 1 1de 7o 2di
AQre RS o] §sto] doizl FHAAAY 7t 9
29 gy gES JERAT

% o o

2o ro [

T
ge x H fu

]

—|—':'=’r-{u‘,1:1
%rO_BC
oS
§rmr1r
o m =
§ off
Fﬂr;'ﬂﬁ
ol —‘
Sy [
ol N T
32 > rfr lo

fu

SO
ol

R

ol

E

o

N

-~

o —8‘

J

vl .HHH||

2 4 EISE fIsh MY Ex|
Fig. 4 Experimental set-up for EIS

=lm Z[mOhm]

—»—FIs 2
& e
Mokl o
" 0.03Hz

= - —

'I __01Hz

39Hz__ /fé

~a

0

L

01 0z 03 04 0B 0B 07 08 09 1
Re 7 [rmohm]

2 5 Maxwel |l AEHHIHAIE{(2.7V 2600F)2| Impedance

Nyquist Plot (80% SOC, 20°C)

Fig. 5 Impedance Nyquist Plot of the Maxwel |
supercapaci tor(2.7V 2600F) (80% SOC, 20TC)
= 1 HFHATAIE S71sl22| ml2lo|e{(80% SOC)
Table 1 Parameters for the Equivalent Circuit of the
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LS RS Cd Re Q RL
[nH] |[mQ]| [F] | [mQ] Q]
Z1ERd | 4198 | 027 | 2989 | 039 | N/A | N/A
Akd 231 4198 | 0.27 | 2989 | 0.39 | 26312 |0.568
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