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PHONRUT BOUSUNGNOEN : ANALYSIS OF THE CHARACTERISTICS
FOR CHARGING AND DISCHARGING OF SUPERCAPACITORS BY 3D
FEM. THESIS ADVISOR : ASSOC. PROF. PADEJ PAO-LA-OR, Ph.D.,

131 PP

SUPERCAPACITOR /ELECTRIC POTENTIAL/ELECTRIC FIELD INTENSITY/

TEMPERATURE/ 3D FINITE ELEMENT METHOD

This thesis presents a mathematical model of the electric field and thermal in
the form of the second-order partial differential equations, which is associated with
electric potential, electric field intensity and the temperature inside the
supercapacitor. The result of the process is charging and discharging based on a 3D
finite element method developed by the MATLAB. That focuses on studying the
properties of supercapacitors that charging and discharging at different current
functions. There are three types: exponential function current, ramp function current
and constant current. The simulation is determined in one cycle and continuously
used. The simulation result, supercapacitors that are charged and discharged with
ramp function current is the lowest internal temperature. And supercapacitors that are
charged and discharged with exponential function current is the highest internal
temperature due to the increased temperature while using supercapacitors is
concerning the current and duration of use. The operating temperature of

supercapacitors can affect the life of the supercapacitors.
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NUUDININ : Ruirong Zhang (2016)
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A &R oA o o a .. &
FAUNIINYI U AD ﬂj;]mENLmﬁﬁWTS‘]J‘]JﬁHm‘VIN‘lWﬁ1 (Gauss’s Law of Electricity) ¢4
a 4 A a @ 4
pBu1009n15 Tvavesnszud W1 w50 Electric flux Tuufingniladon Tag Wand (Flux)
[ v I ] [ @ o
VN0 513 avedIihdududaaiuTasasatusuveauduaun Iiuazvina

Y v P
vou1lszy Wi dnfudriidszygaeg a ilafinils wavinnguesnaondl (Coulomb’s law) 92
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M I (permittivity) TuuSnaiuiliy 9 awaunisi 3.5)

v.F=F (3.5)

d‘ a =) dy Aa Y ~ =y dy Aa Y d’ll dal a d’d‘
Wenvnsanluusnanunladenla o wwFenusnanuntaaeutian WHABNEFIU
. ! a & A 3 ax o { o o
(Gaussian surface) TagfiuAumMasuiluIsianansznuvesay liihaelunumiia
~ A [l < . 1 1 (% 4 [} [~}
AUNITNADI AD NYVOUUNIUAN (Law of Magnetism) Na13371 WaANFUUINAN
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Tuusnanunadenla 9 aiv B Aeauimsman TUNUAAMTTOU A9guNI5N (3.6)
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~ A o A A °
aumsneay Ao nueIv13 uAd (Faraday’s law)H 30 NYUDIANUNIEI (The law of
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1 1 o o 1 a o o A 3 o 1 o
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wuru Taaasuudasauna asgumsa (3.8)
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VxB:uOJ+yO£05 (3.8)

Tasii  E fo el

- Do
B Ao avuuiman
A ! =2 Y ] iy o
u, 19 ﬂTgm1wc1ﬂu01m”lﬂmmmwaﬂmmqaumunmﬁ (permeability) 1A
N 4T 10”7 H/m
A 1 e ISP ' v
g, A ﬂTdmwa@mm"lﬂf’hmmqaumunmﬁ (permittivity) HAUNINY
8.854x10™" F/m

J @9 anunuuduvesnszua i (Current density)

4 4 ] <3 - [
VINNQuHUNUean Teaaw (Helmholtz Theorem) auuusiman B aunsoloulioglu

o & s . R A
NONVDIANINNIADT (vector potential, 4) AIAUNITN (3.9)
B=VxA4 (3.9)

uaznnguesrhsuad luaunisi (3.7) e aunsadonlwi1didy

- 0A
E:_V(D_E (3.10)

o o Ao ussau Wil (Electric potential)

Maumsn 3.10) unuluaunisi (3.5) 12 ldaumsn 3.11)

V2¢+2(V-Z)=—— (3.11)
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warsanlunsdl liihada cunsoaagdaumsidamaunisn 3.12)
Vip=—— (3.12)

E4
Y

o a 4 a v a d‘ a o
ﬂﬂuullﬂﬂﬂ1a@\1ﬂ1\1ﬂm§]f"nﬁ@im@iqﬂﬁ1ﬁﬂ@l1u§lﬁlﬂﬂﬂ5$ﬂﬂQEJ'J?I UBNITUINT

<] a Aaa 9 ~
nudsgdsen lusudanusunu xyz ¢ 1dameannis (3.13)
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Op., 0P
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ox* " ayé
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Vip = iy ut

A A o ad a Y ~ 1 v J v o
LiJ'E]Wi]'liﬂ.lTJﬁ@]‘Ulﬂ@LﬁﬂVliﬂ i]%vlﬂﬁllﬂ'li‘ﬂﬁ]Qiugﬂﬂl@iﬁﬂﬂ1iﬂuwuﬁﬂ@ﬂ@uﬂ‘]Jﬁ'E]fl

AaguNIN (3.14)

2 2 2
ngzo+é;)}<20+g(2p=—% (3.14)
z
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p, Ao ANUHUILNTEPB5Inas

o a d
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ar A 4
LUAININ AIAUNITN (3.15)

E, —E, =E,—E (3.15)
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E,=q,+q,+q. (3.16)
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[ E4
g, g, 1z g Aowdsuanuiouiingizuy Favuegiuanutuvesgungil

<
Glj U
. a  J . o dy

(Temperature gradient) G]ﬁJﬂ;;]"UE]W‘\!iLEJi (Fourier’s law) A4U
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oT
=—k dydz —
q, =—k.dy o
oT

q, =~k dxdz _6y (3.17)
oT
=—k_dxdy—
q. Laxay o

1 'd
11 k. k, wag k, Ao du1lsEansmsrhnuseu (Thermal conductivity) THtmanY

Y v v 1
X y 1ag z Mumay aaiuunuaunsi (3.17) asluaumsi (.16) 12 laaun1sn (3.18)

oT oT oT
E =—k dvdz— —k dxdz— — k_dxdy—
n =Rz o=k, 5 dy > (3.18)

[

1 [ d‘ Y d”
TIUNANNUNDDNINTS VD i]zulﬂ N'U

Eout = qxﬂlx + qy+dy 4 QZerz (3 1 9)

waluANUIeuNiennINTzUY ¢ uag g, W ¢, g, uaz g Iva

X+dx qy+dy
Y o

[} @ J J dy
HIUT282 dx dy oy dz Iﬂ?J@'lﬁﬂﬂ'liﬂigfl]'lﬂ‘llﬂﬁﬂuﬂileﬂm'ﬂi"ﬂ&’llﬂ ANU

aq,
qx+dx qu +adx
oq
Gyogy =4, +—dy 3.20
y+dy y éy ( )

qz+dz = qz +% dZ
oz

@Y UNUANNI3N (3.20) adluannisn (3.19) a 1@

aq. aq aq.
E,, =(qx +adxj+(qy +Eydyj+(qz +Ed2j (3.21)
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uNSIUnR I avRaT U el N sdamenasa 1 lusz vy udrlaailaes
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wasnulugveandsnunieanuieu aunsandasluzdaunisaeldalsuinsaiuaun

Anwnlugtiy 3 T3 145
E, = Qdxdyd: (3.22)

d‘ A =y Y d‘ a . [ d‘
e O Ao YsununnusouNinaaiod (Internal heat generation) tazWadunazaulu

Y
srvuilumsavaundsaulugia g naaslugdaums ldaail

T
E, = pc%—t dxdydz (3.23)

A ]

11 £ 19 ANUUUIUUNIA (Mass density)

A Fs

¢ B ANUYANNTDUTUNE (Specific heat capacity)

& .
t A9 1721 (Time)

Fgaiuilounuaunsn (3.18) (3.21) (3.22) waz (3.23) adluaumsh (3.15) a2 1a

oq aq, oq or
——X dy——=dy ——=dz = pc— dxdydz — Qdxdyd 3.24
ox Oy a oz [N ot T\ (329

sounuanmsn (3.17) aaluaumsn (3.24) a1d

o or o or o or or
k dydz—— d + k dvdz—— dy + k dvdy—— dz = pc— dvdydz — Qdvdydz  (3.25)
Taa T oy o oz o

wen v 1y

kxgg_{_k gg.{_kzgg_{_Q:pC@ (3.26)
xax Coyoy oz o
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UNIIAN[dUN m@ﬂan"lmuﬂuﬂim;]mimmima@ummwawm mmmmqmwnmqﬂﬂ

U

@ a o ~ o = A A ¥ o )
gQUNHUAN Iﬂﬂ‘ﬂilllﬁﬂﬁ@?ﬂﬁ%nlﬂ'lilﬂﬁ@uﬂu],ﬂﬂﬂﬂ ’cmmﬂuﬂﬁmamwmiwmmmu

LY a

(] < o a o . [ dy
vwwilsngedluziagmsioudivealiadu(Newton's cooling law) A4l

Qconv = hA(Tv - Too) (3 28)
4 - A W ]
e Q. Aedasimsmanuiou
r'd
h Ao du1lszanTMINIANNTEU (Convection heat transfer coefficient)
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9 QUNNNVBIANIIAY
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T A v
342  mMsunSeaadou
Ty A 9 I U 9 [} Y
miurssdnuiowilumsnigTounnudou Tas idesordednars
4 { 4 [l <] a 2 a g 4
Fousznaoui I lugUaduuiman T vazezimadu 18a luusnandugyainis e

E4

Wsanmsmeleuanwiousgniningla 9 sgaunsamoasimunssdanuiould asil

- 4 4
de :geGs(Tv _Too ) (329)
A . A o o A 9
e 0, 00BATIMIUHNTITANNTOU
A 1 =) 1.
& Ao Agnmilassed (Emissivity)
A ' A Jou o
o Ao Ananarhu-Tuanayuuy (Stefan-Boltzmann constant)

PAWNAY 5.67 x 10° W/(m K"

= = Jd d
35 szeuds i luadaniun
A Jaa A a Aa o 4 H [
suiond’ Il ludsamudiluszbeuisidedaavie lsuddaym Taslszuuoglu
Aa v d 1 1
3Uv0IaNN31BI0Y WU T8 (Partial Differential Equations :PDEs) Tagn1suiagisavouiva
[ 1 A a3 aa 4 9 9 1 aa ’q ¥ 9 ]
voutlgyrieonaIuges q nsoludamUA 1AIATNANMTVOIADZDANUA 1T aoAAADINY
a 4 aa S A T v Y 1 2 o 1A o 1
ANMITIDYWUT HAZDAWUAAN ] 32IFOUADNUABYAAD FUTUA LN UINMUIUMIA NG
' AA o A o ¥ Ay v ° Y =
mag Tagawamas lagdszuanisumivld nldannisiuiaesnuiiu azlinny
1 ) zg [ o an u’z:' FU 9 & Z/ u'/ ax
uinéWuegiuvIe tazduIuvesdamuan 14 lunmsudtdyn FwuaouTaena l)ves
Jaa 4 g’; ] 2’; J o
IWluasamudlsznoudrotuaoulua 6 Tuaou (s1lund wazérln, 2542)
2}/ ~ 1 1 [ d'9} v I 1 ]
Fuaoun 1 Msmiaglindnyuzveslymnasinssgrinaanteaniludiugos o
=) 1 Aaa 4 1 aa 4 = [ = =R aa 4 1 dy A‘ 1
iF8n31021UA (Element) Jagugazdamuaazianuiluilining savamuamaiiiazisouns
o A 1 aa S A o X J o oAy v ~
AuNYAfe (Node) Vo0 amuaNagaanuuiludmmindesnsmmaansvosymaug
2 ~ 1 aa o 1 Aaa YJaa 4
3.12 Futhugdnuansmssaeamuavesgli ey 3 Haluszuny xz Taglsoamud
5UN59TN (tetrahedral), 31N5 9 NHI11 (hexahedron) wazUn3 913 &y (prism) Aud1A

o [ A, Jaa o a ¥ o A o Aaa
Tasdmsuszteuds I ludsamud luanuddetlazdtiumsmuisuuy 3 Ia

) Ay | aa s
Ll,ﬁ%chfg ‘]J‘Vli\i’ff'ﬁu ﬂuﬂm N ANUN "UENﬂflJuﬂ1
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8 (-1,1,1) 7(1,1,1)

4(-11-1)

1
1
I
| 3{(1,1,-1)
|
1

5(-1-1,1)
Ao mTmA 6(1-LD)

—
N

3 1(-1-1-1) 2(1-1,-1)

511 3.12 dnuazvesdamuazUNT A1

~ A Y ~ ] aa S R zg 1
Tunoud 2 msmenilansunisdszananeluimnz auiugduuudamud Fadueg
v o 1 aa d o o ] 1 4 1 4
fuiIugadevesdamua 1w linswanyaae (Nodal unknow) taziSeu luarmeh
(% 1 aa 4 { 1 y
& (Compatibility condition) p819lunsaidamuAzUns sdmiezlsznoudie 4 yanenil

o = J 1 aa o a Y o ~
v 1,2, 310z 4 GINUJ‘Hfﬂﬁ°1_I§$3J'lillﬂ1ﬂ151114@@&]14@!,!,1_11_1!,"]5\1&61&@Qllﬁ'ﬂflslugll‘ﬂ 3.13

1(xy, y2 21)

zzzzzz

3(x3 y3 Z3)

2(x3, Y2 22)

AXy Ya 24)

31191 3.13 aamumﬂmaﬁwm
aa 4 d‘ 9 z'ﬁ Y 1 A o ]
vindamuazinssanih deszneulidre 4 gade (c,p,z).i=1 2 3 4 Tdumus
Y0382 1IN 10A1 4, 08N YARDAWNIBE@Y 1, 2, 3 1Az 4 e linsuaungn Sy
waﬁ'wmmﬁﬂgwm%z‘ﬁwmmmiww TasauUAGNHULNITNIZIIIVOINAANT

o [l aa 4 I a [ {
Tasdseura o dwvidala q vudawud Aqy2) Hunvwidadu deaunish (3.30)
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A(x,y,z)=a+bx+cy+dz (3.30)

4 '
@ [

{ | 1 = 1 1
Taed a b c d1iflusined Faansont ldvinganenanal

Ao(x,y,2,)= A, =a+bx, +cy, +dz,

Ae(xy,y,,2,)= A, =a+bx, +cy, tdz,
Ap(x;,y;5,2,)= A, =a+bx; +cy, +dz,
A%y, y,2,)= A, =a+bx, +cy, +dz,

(3.31)

v v v v '
Maa b e dnldnnanmsnadluaunsn 3.31) unuaiasldluaunish (3.30) 2z

I&dnuaznisnszanevonamas Taellszanameludamuadludaaunisn (3.32)
Ao(x,y,2)= AN, + AN, + A,N; +A4,N, (3.32)

= A 'y aa I3 ° Yo
WIN,i=1,2 3 470 ﬂm%umiﬂizmmm&flu@amuﬁ ﬁ'liJ'lii]ﬂ'lu'JmhlﬂﬂQﬁiJﬂ1i

‘Vi (3.33)
N —_—I (a +bx+cy+d Z) (3.33)
i 5V i g .y T4, .

d‘ 1 A 1w a a"' Aa o 1 1 z‘ﬂ 9
Taod A1 a, b, ¢, az d,ne mdulszansvesiinaudazyaae e ldanaunis

Y
fago i

a,=x,(¥,z;-y;2,)+x,(y,2,-¥,2,)+x,(V;2, - ¥,Z;)
a,=x,(y;z,-y,z;)tx,(yv,z,-v,2,) +x,(¥,2; - y;2,)
a,=x,(y,z,-y,2,)+x,(¥,z,-y,2,)tx,(¥,2,-V,Z,)
a,=x,(¥,2,-1,2,) Tx,(¥,2; - ¥;2,) + x,(¥V;2, - ¥,Z;)
b=y,(2;-2,) % y;(2,-2,) T ¥,(2,-2;)
b,=y,(z;-2) Ty, (2;-2,)+yi(2,-2))
by=y(z,-2)*y,(2,-2,)+y,(2,-2,)

b4 :y3(21 ’Zz)+y1(22 —23)+y2(Z3 _ZI)
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c,=x,(z,-z;)*+x,(z;-z,)+x,(z,-z,)
c,=x,(z,-z,)+x,(z,-z,)+tx,(2,-z,)
c,=x,(z,-2,)+x,(z,-2,)*x,(z,-z,)
c,=x,(z,-z,)*tx,(z,-2;)+x,(z; - z,)
d,=x,(Y;-Y) %V, - Y ) T,V - ¥3)
d,=x,(y,-y)+ x5,y -y )+ x, (v, -v)
d;=x,(y,-y)+ %, -y)+x,(0,-5,)
d,=x,(y,-y,)tx,(¥,-y;) +x,(y;-¥)

A A '\ aa s A v a ’a 7 o a < Yo A
Lag Vﬂ@ﬂimmmmzmazaamum Vlﬂ1ulﬂ§]1ﬂﬂl1/l@iﬂlluuG]ﬂlﬁ]\?ﬁ'llﬂi%ﬁ‘ﬂ‘ﬁ Llﬁﬂﬁ‘lﬂ N A

I x y z
1 z
V =det R
I x; y; z
I x, ¥y, z,

Y '
cY =)

aa 4 [
TUADUN 3 MITATIAUNITVOIDANUA (Element equations) 1asldiaoandeany

a v = an o ~ Y 1 [
ﬁmmiwawwuﬁmmﬂmm ﬂimﬁllﬂ?iﬂ]ﬁ]\iﬁ]amuﬂ3ﬂﬂ§iﬁﬂﬂ1ﬂ$@§1u§ﬂllﬂﬂﬂ\ill’dﬂ\ﬂu

aunsn (3.34)

KII I<12 I<l3 1(714 147 .f;
KZI K22 K23 K24 A/ — ‘f; (3 34)
K31 K32 K33 K34 Ak f/‘( '
K41 K42 K43 K44 e _141 e _-ﬁ _le
ansameulavde 12 lafudaaumsi (3.35)
[K].[4], =[f], (335)

y a d o 1 1 H 1 I Aa o v Aaa 4
Tagi [4], Ao wn3ndeaa linsumnyaae uag e uaasns iumms ndszaudamua
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J

aa Jd v U o & Y Y zg 9 Y o a o
AUNTUDIDANUAAINA i]’llﬂuﬁ@flgﬂﬁi'lxﬁluﬂJ'ﬂWﬁﬂﬂﬂaﬂQﬂUﬁNﬂ’lilf’]ﬂ'ﬁ]léwu‘ﬁ
4

Z}z = glz A A g @ Ao o ~ Jaa J 9
sumﬁtymuu ] NUUADUU ﬂ?JLlIuﬂ%i%ﬂﬁﬁﬂﬂlﬁl@iizmﬂul‘lwl‘lu@lE)miJ“Lm REGERNGEVIIRP)

aa SR 1 A o Y
YovamUATIag lugUuuvesaumsi (3.34) awnsoih 1dTae

]
A

a . Id { o 1
1) 3515 1A8A59 (Direct approach) (Hu3TN¥inud 1 lddenga awnsalyla

&)

e

@ =2

mwznudymneile 184 9 edrusu Jouiaie g lugdnse 158 mniu d9ldawnse
Uszynd Iudlymitianududouluvarviiald
a 7 .. < { a J o
2) 33M 311l 5HU (Variational approach) 11wt luszezusniienly Tasllszgndaniny
IS 1 [l o o o J o o

daymmedmTassadradudinivg vanmsde Suiluszdesihinmsmiendu Tagiinism
) J v Z/ 9 < Y a a 4 A A Y
adrgaveslsnduiu udrnziluraliifeaumsFeeyiusuazitou lvvouafaoandos
@ Ay o o A o Y Y S o A Yy o a o
fufy Bdesinane sSuludemsudaddunlsdunaeandosiuaunsiFeyRuivo g

:}; = a a wva 9 ) d’zg Y 1 1
yriniu q Fedyvvate q vialunmal§ia awisoas waunmseyiusiuu1d ua'l

o o A Y o Y oqy
aunsornlansunlsaundeandoanuiin g
Y '
a 1 o o . . I a )

3) 315029 M AAYANA 19 (Method of weighted residuals) 1T U351 11414

d‘ A 9 Jaa 4 a v 1
azaaniiga ilesnnasodieaums W luasamuavinaumsdieywus lasase Tag i
o & 7o o A o 7q Yo o
sufludeamswlsnsunlsiunaoandesnuamla fsensolszgnaldnudaynmia ld1d

2}/ { o 1 aa J [
Tuaouf 4 n1711dUAITVRUAAZBaNUA V1 TEno VT 1A 187U (Assembly)

Ao liinaszuvaums ey luglvesaunsi (3.36)

_KII K]Z K13 [ ] Kln ] _AI | _f; q
KZI KZZ K23 o KZn AZ .fZ
K31 K32 K33 K3n A3 _ ./{3
"y (3.36)
_K"1 KHZ K"3 o K"" sys(nxn) _A" sys(nxl) _f;1 sys(nxl)

wsomeulagge oy

[K],,.[4],, =[/1,, (3.37)
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H p o A ..
duaoui 5 Milszgndtouluvouiun (Boundary conditions) voatlyviasluaunis

Y K o

- Y @ 1 A 1 A J o [ 1A [ [
11 (3.36) umrshimsudaumsaIna1ionIA1ves (4], Miludaunis hinswamngadeas

Sys

P ' [ £ '
7 admlsi linnumind il evaneds nssdullihaeluduivysyq It saa

I aa 1 v g a <

vsoiluguugingaas g meludunuiszy liha sena iudn
2’/ § ) 1 1 § 1 4 1 [ 4 { 1
TUABUN 6 NTAIUINAIAI 9 NAOINITNT IV 1FU WeNTIUAINAANTNYARD

@

\ v o o ] A o 7o o oA v
AN 9 Llajﬁ'lﬂ']iﬂﬂ']uﬁmﬁ']ﬂ'lﬁﬂllﬂ5@1\1 9 ﬂﬁﬂWUﬁﬂUWﬁﬁW‘ﬁu@@‘lﬂqﬂ

36 asl

Q
dal Y o = [y 1 A A Y o awv o F) LY~
unil ldinauengpuaznannisais q Minerdesnuauise ou'laun dunuilszy
A ° ) s
Tvihasea avuylddwazuuusiassnena amansvesauiu Tl arwdouuas
o a o 9 =1 Jan 4 9 1 1 d'
uuUSaeanAdamansn1eanusou tazszdeu I ludoawud Tag'ldnaruamzdiun

' Y 9 1
sziihnldnsediunezgnnandredaluunde o llwaimediuils: Tominaztluuuanialu

U

190 A

math llsegndlfuaddniinauise

9
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41  UN
a Jaa 4 .. I a ° a o {
s2fouIs 1 luAoauud (Finite element method : FEM) 151435 mMssuauaadavi
Aa v J d‘ [ 9 o [ Y Y [
aunsoramasve sy gL SgeeNdudou taziaesgluunanyus 1 IndiRe iy

° a X Ay v o ° Yy A A Y Yy
HUUI1ADIVIN %meﬂaﬂ‘ﬂ"lﬂ ﬁiuﬁﬂuﬂﬂﬂ1u3mﬂﬂluﬁ1muﬁm 9 @]ﬂlu@\jﬂuqﬂ@ﬂﬂjﬂ

b4
v W

Aav a a u’tg = Y o o 2 J
aaiu e Ine U nus i i]\?llﬂunﬁ’fu@uﬂﬂﬁna@ﬂﬂ'lﬂﬂﬂ!ﬁﬁ1ﬁ@]iﬂlﬂﬂﬁu1ﬂ17\lﬂ1 ia

gangiinioluduiuiszy Il seaa vazfraeanasloszidion I luddamuduuy 3 dah

Y ' '
Wardwe el lunsaamaimseau i sanuduaun lddwez guvgia

U

asznednelududviizy i sena

o Y 14 = ia d
42 msannamnaudnanyliihid sl luadamue
A A a v A Y ° ' 9 @
furiloaninaumsseeyiusive 14 lums dsmaanuduaun lineluds
< 2 ° 1 o o 3
muszy ldihgeeaa agawisontldoinmsdiwramamsean lihaeludaunuilseq
a [ a o J 1 v @ { { o [

e senaduaasrisaumadsoyiusgessuaunaesludunisn @.1) dmsudynm
a o d aa g’/ < { 1 v 2’;
aumaFeeyiuseosTugiuny 3 Tauu Wumsenzmramasiuuniuns AU

1 Aa Jan o o { A
Amamag laelszinaniesziionds W ludsawuavegminnldlunist dalszneulildre

Y Y
VUADUMIAVUUIIUAN 9 A9l

o’p 0p 0
axf+6yf+af:_% “v
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ana d 5 d‘nﬁ
42.1  MI9ONUVUDANUAVDINUNANHN
o [ a o dy YR v I A a d‘ [ <3 [
dmiuauiieil ldanudunuilsey Ilihsseneria EDLC Anninunasau
Uszq I laeldwannsmaluiata (Electrostatics) NTyu1AALY 3000 F Tagimualn
v I o [ ] a 2’/
Hnseadentelufio @ununszua (Current collector) 1910 Taqurnozgiiion 47 Tvlh
o [ 1 v W 4 . 2: Z’/ o a
(Electrode) N1310IAADIUAVNUA (Activated carbon) WUﬂuﬂigﬂq (Separator) #1910 Tng Twi-
< 3 ad o X
AU (Polypropylene) ttag Wasazana Tnunaideon leason lud (KOH) iWuasaanIng lad
o v Y 4 o ) S ~
anvazIassadeuaas1dlugd 4.1 Tasivua ldanunuivessumnunszualivuia 30 pm
Y Y v
% 1% v ad
AUV UIVOIFUNIY5ZHUUIA 50 pm LAZAUNUIVEITUDIAN INTATIVLIA 120 pm 1AL

] 1 ] J
%nwmmﬁﬁﬁumug{uﬂﬂma 2 mm

Current Collector (Negative)

-Separator: Polypropylene

M) Taseadha ) Tageas19n181u (Inner part)

3107 4.1 Tassadanaswazideaneludafulsey Wihd saalunssaeama
. . y
Tupenusndmiulgmlugiuoy 3 Gdes vanmsudsiuiivesdudmluduiy
ﬂizq"lvxlﬂféwmaamﬂuﬁﬁmuﬁgﬂmaﬁwﬁﬁ (Tetrahedral elements) N1599 NUUVN3I ALY U
aaumdd1e 9 18 Tsun3w Solidworks Tavasfisuaugadenazdanmdild Husmou
2,345 9970 1AL 11,839 damud dmfudiedamsesnuuuniavesdymlunuy 3 §d veq

drumeluduiuilszy e seamuisouanaldde; Ui 4.2
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g1 4.2 msisdanudvesdaumeludnnulszq Tviihaena

d Jd
422  Wanrunmsdszanamaludamuauuy 3 3
A a a u’dy a < an A aqg Y o
9W199910INAUNUTH N1sanszuudlu 3 10 Tamdeauudalianyaznis

aa s A g v
ﬂigzﬂ’lfﬂl@\iwalﬂaﬂﬂ’]ﬂ(lu'ﬁ]aUJu@]uJuu‘]J‘Ul%\uﬁufl]gllﬂ
(D(XaJ/aZ):(01N1+(02N2+(03N3+(04N4 (4.2)

A A J v aa 14 A
Tagi N, N,, N, wag N, aovlandumaszanameludamud uaz ¢, , ¢, @, 1ag @, A

Y

v 1 o [ [ aa SR A Aaan o =
NﬁﬁW‘EEU’E]\Tﬂ'ILLiQﬂu"lV\lﬁ'IGluLmﬁ%‘qﬂﬁﬂ 1234 "U’E]Q’E]ﬁ!,llu@GU\TElUﬂiﬂl’E]ﬁmuﬁgﬂﬂi\?ﬁﬂu'l

yaa0azla

1
N, 25(% +bx+cy+dz) (4.3)
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4 1 LY a L{ 1 1 )
Woi=1 2 3 4ua8% A1 a, b, ¢, d, Ao ArdulszANTY0UAAZAND AINITOAIUIN

1400

a4 =X, (1,23 = V32,) + X, (V42, = 1,24) + %, (132, = V425)
a4, =X, (V32 = N123) + X3(0124 = V42) X, (V423 = V324)
ay=x,(12, = ,2) + X, (V42 = 012) + X%, (V224 = V42,)
a,=x,(0,2, = N2,) + %, (0123 = 132) + X, (132, = ,23)
b =y,(23=2,)+ y3(2, = 2) + ¥,(2, — 23)
by=y,(z,—z3) + y(z3—2) + y3(2, — 2)

by=y,(z, = 2)+y,(2, —z) + »1(24, — 2,)

by=y3(2) =2+ ¥,(2, = 23) + ¥,(23 = 7))

C=x,(2, —z;)+X,(z; —z,) +X,(2, — 2,)
C,=X,(2y—2))+x,(2, —z,) +x,(z, — 23)

¢, =x,(z,—2,)+x,(2, —z,) + x,(2, — 7,)

C,=%,(z, —z))+X,(z, —2;) + X, (2, — z,)

di=x,(y3 =Y, + X0, = V) + X, (0 = y3)

dy=x,(V =)+ X (V3 = V) + %0, = »)

dy =%V, =)+ %V = y) + %y = 1,)

dy=X3(0 =)+ (0 = V) + X% (V5= 3)

@

A =y 1 aa 4 9 = sa 4 A v 1 ay
uaz ¥ aodiuiasvesunazoamue m”lﬂmﬂﬂmaimmummwmqma JU

Vox, y  z

v zll sV 22

o[l x; ¥y, z
1

Xe V4 24

(4.4

Y aa d
4.2.3  NITAINNANNITVUDIDAINUA
a v ~ A Yy 7q ¥ ~
i]'lﬂﬁiJﬂ1iL°]5\1@1§ll UHYDY VlLLﬁﬂ\iGlUﬁiJﬂ'liVl (4.1) llﬂllﬂ'lilliﬁ:!ﬂ@]slslﬁzmﬂﬂ
Jaa s A a g Yas 1 H o Y Y an sa
Vl‘vxl”luﬁ@amumwamnuuammiwuﬁu Iﬂﬂﬂ'lislﬁlﬂ‘ﬁﬂﬂﬂﬂ'ﬁuﬂLﬁ‘l&l@]ﬂﬂN AYITNUABDIAU

(Galerkin) uaaa laaaaumsn (4.5)
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[w,rdv =0 (4.5)
14

d‘ a Aaa 9 9 d' [ Y
LiJﬂWinim1ﬂﬂJW1Glu§$1J‘]J 344 i]?éllﬂlﬁ‘kl@ﬂﬂ1\1 R 10AUNITN (4.1) ALTAAINY

aunsN (4.6)

2 2
8¢+6¢+8¢ P

=R 4.6
ol ot o e (46

d‘ A % d‘ 1 1 z'ﬁ =3 1 9 z'ﬂ a zg d‘
Tagh P D @]’Jllﬂi‘i/]‘lll‘i/]i1ﬂﬂ1 9 R 15YNI LAY ANA N (Residual) FUNAVULUDININIINNIG

v £ Y 19 ' v d4a X Yo
lewamas Tasdszanm cm”liflwamammmmumwmﬂiym IHANAN R NNAVUISADIN

= 1

1o A A Ay Y Y Yo ] = = Qddy
NN FA Lwawamaﬂiﬂﬂﬂizmmw"lmzuﬂmﬂﬂaﬂuwamammuquw FIIDTUTINTD

e

9y o

° J v o . . .
nszi1ld Taonisldimuandie RgmdreMeanduiiiniin (Weighting function : ) 1187

A o A

’eJumﬂimaawﬂﬂmumm@amum Q4] LLﬁ'Jﬂ'l'ﬁu@WﬁVlhlﬂ(lﬂm1ﬂ‘]Jﬁu HUAD
[W,RaV =0 n=1,234 (4.7)
14

o v Aaa s g A D= ~ [ (= [ Y 1 1 g’/ A
mwmeamummﬂugﬂmmwm Glf\’llli]ﬁ‘l/]hlllﬂiﬂJﬂWNE]Q 43 1lﬂllﬂﬂﬂ§l@‘ﬂ\1ﬁ

v ' '
=2 9 o

aa J v @ ] 1
moluddmug aniuddesmsauns 4 aunslumsudmigan lunsiua ude Tuauns
{ J ° a U @ 4
N @7)vzdelin1n=1 23 4 nay fvuald W, =N, G3Goni1 duTun-nuaes

AU (Bubnov-Galerkin) @411 111/aUNY R A288U1TN (4.6) ad luaumsn 4.7) azld

[ A2 2 2
_[Nn 8(5+8¢2>+8(f+pv av =0 (4.8)
| Ox” 0Oy~ Oz £

B

jN’éa¢+a%’ g }dV+IN’{

dv =0 4.9
| ox® oy? oz

vV

A o o 7 = s o o
NAUNITIN (4 9) mmuwwu,iﬂmu,ﬂuwamauwuﬁ DUA Uﬁ'?N Gl“li')‘ﬁﬂﬁﬁ)u‘mﬂi@‘ﬂ

q

avaIu (Integrate by parts) Iﬂﬂi]fl"]f‘i/lt]‘h!@]ﬂ‘i/l‘llﬂim1ﬁ (Gauss’s theorem) “]Ni]wulﬂ WQ
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[N, a—q)nx+a—¢nv+—¢nz dr - aN"a—¢+aN”a—¢+aN”a—(p dv
r Ox oy~ 0z v\ Ox Ox Oy Oy 0z Oz
(4.10)
+ (Nn&jdV—O
14 &

s A =2 A Y o aa I ° o v
WIUUTNUBDIFTUNITN (4.10) FUNYIUDINUUDVIUAUDIDALNUA () 1/l'lﬂ'liﬂ'l1’iu§°]sl'ﬂ
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Abstract

This paper presents the study of the electric field intensity
within a supercapacitor to analyze the relationship between electric field
intensity and various electrolyte with different permittivity by using 3D
finite element method that all coded by MATLAB program. The
simulation results show that the electrolyte with high permittivity, the
electric field intensity in the electrode layer (activated carbon)
decreases. It can provide thoughts on the capacitance of the spiral

wound supercapacitor in the working process.

Keywords: supercapacitor, electric field intensity, electric potential, 3-D

finite element method, computer simulation
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Abstract

This paper presents a simulation of electric potential distribution, electric field intensity and temperature in the spiral
wound supercapacitor. The paper simulation using the 3-D finite element method that all coded by MATLAB
program and show the graphical representation for electric potential, the electric field intensity and temperature of
inner part for a supercapacitor and studies the permittivity of the electrolyte that affect the electric field intensity and
temperature of supercapacitor. The simulation results show an electric field intensity and temperature of the inner part
with various electrolytes including KOH and sodium iodide in various solvents electrolyte. Solvents of sodium iodide
consist of CH;0H, (CH;),SO, HCONH; and HCONHCHj that have different relative permittivity. It can indicate to
the working process of supercapacitor.

Keywords: Supercapacitor, electric field intensity, temperature, 3-D finite element method, permittivity

1. Introduction

At present, supercapacitors are popular as a source of electrical energy or used in backup power
applications because of their long lifespan. Supercapacitors are electronic devices that have an unusually
high energy density when compared to common capacitors [1]. However, supercapacitors have many
advantages such as high efficiency, fast dynamic response, high capacitance, high level of stability and
wide temperature operating range [2-4]. Supercapacitors exploit the electrostatic separation between
electrolyte and high surface area electrodes, typically activated carbon [5][6]. Due to the low rated
voltage cell of a supercapacitor, the series and parallel connection of supercapacitors are used to increase
the energy storage capacity or high voltage requirement [7].

The finite element method (FEM) is a numerical technique used to perform finite element analysis
(FEA) of any given physical phenomenon. The analytical solution of problems generally requires the
solution to boundary value problems for partial differential equations (PDE) it can utilize to solve
problems in electric field intensity [8] and heat transfer [9] of supercapacitor.

This paper will discuss on electric field intensity inside supercapacitor in activated carbon electrode
layer and temperature distribution by using the 3-D finite element method. The finite element modeling of
a supercapacitor in section 2, electrostatics analysis of supercapacitor in section 3 and thermal analysis of
supercapacitor in section 4. Section 5 presents the 3-D FEM simulation result, and section 6 presents the
conclusion of the study.

* Manuscript received August 12, 2019; revised June 4, 2020.
‘Corresponding author. E-mail address: padej @sut.ac.th.
doi: 10.12720/sgce.9.4.768-777
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2. The Finite Element Modeling of Supercapacitor

In this paper study is the inner part of the spiral wound stacked supercapacitor produced by the
domestic manufacturer, which is made up of the aluminum shell, phenolic cover and the inner part, and
the dimension is 21 mm x 44 mm (Diameter x Length, lead wire is excluded) [9]. The structure is shown
in Fig. 1. The inner part is a stackable structure that consists of the aluminum current collector,
polypropylene separator and activated carbon electrode with KOH organic electrolyte system [10] stacked
in layers.

In this paper study inner part of supercapacitor by using SOLIDWORK program to mesh the entity
model shown in Fig. 2. by using linear tetrahedron elements. The whole element model consists of 33,873
elements and 6,449 nodes.

H/L(ad Wire

| _—Phenolic Plastic

Aluminum Shell

Current Collector (Negative)

-Separator: Polypropylene

Jankpat
(a) (b)

Fig. 1. Structure schematic of supercapacitor: (a) Details of supercapacitor and (b) Details of inner part

Fig. 2. Mesh of supercapacitor
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3. Electrostatics Analysis of Supercapacitors

The partial differential equations (PDE) in Equation (1) is shown 3-D the Poisson’s equation with the
electrostatics is used to obtain the electric potential distribution in a supercapacitor.
U U U p

—_— et —=—= 1
o’ &t 87 & W

Where, U is electric potential (V), p is charge density (C/m®) and ¢ is electric permittivity (F/m) derived
from e=¢,6, where, ¢, is the permittivity of free space is equal to 8.854 x 10" F/m and ¢, is relative
permittivity

Formulating of the element interpolation function in three dimensions is derived from the Poisson’s
equations, assume the characteristics distribution of solution in the element by linear representation
shown in Equation (2) [11].

U(x,y,2)=UN,+U N, +UN, +UN, )

Where, N, Nj, Ny, N; are the shape function in the element of node i, j, k, [ respectively, and U;, U;, Uy, U,
are the electric potential at node i, j, k, [ respectively. The shape function of each element is derived from
Equation (3).

_a +bx+c,y+d,z

N, 3
A P (©))
Where, n =i, j, k, [, and V is the volume of the element, which derived from Equation (4).

I x vy g
1 x .2

V= l i Vi J )
611 x, ¥y, z,
I x y z

The positional coefficient defined by

a, :x,(y/zk —ykz])+xk (y,zj—y,z,)+xl(ykz,—y,zk) b, :y,(zk—z]

+x (vz=nz)+x(yz -nw) b=y

Vi

n

YiZi = YiZe ) (
yia) % (
)+, (

a =X\ V5 —Yig; +x,.

) )

(3= ( (a—z)+y(a-u)+y
k=xl(~y12/7 ylzi’.szz)er,(y/zt’.szj) bL=Yz(zj’Zi)Jr,V/(Z,*Zi)er,(Zf*zj)

(v2- (5=2)+ (%)

yizk_ykz!)+xr(ykzj_yyzk) b=y,

(3w )+ 2, (v =)
d;=x5(yi=y)+x(v—y)+x(y-5)
d (i=y)+x (- )
2,-7)+x(z -z +x,.(zk—z/) dr=Xk(y,*.V,)“‘i(y/*yk)”,(yk*y,)

The formulating each element equations used the weighted residual method and the approximate
results in Equation (1) which is equal residual function as follow Equation (5).
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FU | U dU
gl +—=+— |[tP=R (®)]
ox*  oy* 0Oz

Where, R is the residual function, and make the integration by parts using Gauss’s theory as follow

Equation (6).
2 2 2
| N”[g[a—gﬁ—lz]ﬁ—g)w} =0 (©)
v Oox Jy (o4

Equation (6) can be divided into two parts as follows

o oy’

U o U
IN,,S[ 7 v+ (N, Pl =0 D
Vv e v

From equation (7) each element equation can be expressed in matrix form
[K]{U}={F} ®

Where [ K] is the permittivity matrix of problem. From Equation (7) became the permittivity matrix
depends on coordination x, y and z direction of each node as follow Equation (9).

bib; +cic; + d;d; bibj R EE, didj biby +cicy +didy biby +cicp +didy

bjbi+C]L',‘+djd, bjbj-#cjcj-#djdj bjbk+cjck+djdk bjb,+cjc,+d,-d,

€
K =
[ :L"“ 36V | by +epep+did; bbj+ee;+did; bibg oo Hdidy biby+ o +did; ©
bib; +cic;+did; Db +ec; +did; Dby +cep +didy by + e+ did;
And {F} is the source vector of a problem as follow (10).
1
) Liay
[Fla =7, (10)
1

The result of the problem is derived from solving a linear equation for calculation of electric potential.
Therefore, the electric field intensity can be calculated as follows Equation (11).

E=-VU (1D
Where, E is an electric field intensity of the supercapacitor.

4. Thermal Analysis of Supercapacitors

Studying thermal in supercapacitor use PDEs thermal heat transfer equation as follow Equation (12).
That used to obtain temperature distribution in supercapacitor.
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o or o or o oT or
——tk——+k——+0=pc— (12)
axax  dydy oz oz o

Where, T is temperature (*K), k is thermal conductivity (W/ *K.m"), ¢ is specific heat capacity (J/kg. °K),
p is density (kg/m3 ) and Q is internal heat generation (W/m®) can be calculated as follows Equation (13)

0=JE (13)
Where, J is current density (A/m?) and E is electric field intensity (V/m?)

From Equation (12), solving finite element method same as electrostatic analysis. Each element
equation can be expressed in matrix form

[CUTY+([K.]+[K, )T} =(Q) +{a,) (14)

Where, [C] is heat capacity matrix, [K,] is heat diffusion matrix, [K}] is heat convection matrix, {Q} is
internal heat generation load vector and {¢;} is heat convection load vector can be obtained from

2111
_pv[l 211 (15)
=011 1 21
1w 2
bib; + cic; +d,d; bl-bj +¢cj +didj bby +cicp +didy b +cicp+did,
[K]* k |bjbi+cjei+d;d; bibj+cjcj+djdj bib+cjcp+ddy biby+cicp+dd, (16)
836V | byt e +dpd; bbjregetdid by +epey v didy biby+epep +did;
bbi+cci+did; by +aej+did; by +cey +didy  biby+cjep+did,
2111
_hVIi1 2 11 a7
=251 1 2 1
Nl R
4 (18)
_ov]l
@)=
|1
1
_hT, V|1 19
{qh}_ 4 1
1

Where, & is conyective heat transfer (kJ/kg) and T, is ambient temperature (°K)
From Equation ( 14),{T} is the derivative of temperature. Therefore, using the backward difference
method as follows Equation (20) [12].

a @

(i
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5. 3-D FEM Simulation Result

The 3-D finite element method simulation in this paper is coded by MATLAB programming for
calculated the electric field intensity and temperature distribution within supercapacitor.

5.1. Electrostatic model

For the simulation results, this paper has considered the electric potential of the spiral wound
supercapacitor with each type of electrolyte by assuming electrolyte are made sodium iodide in various
solvents. The simulated initial voltage cell of the supercapacitor is 2.7 V (+1.35 V in the positive side and
-1.35 V in the negative side). Table 1 shows parameter simulation [13-17].

Table 1. Relative permittivity of components in supercapacitor and sodium iodide in various solvents electrolyte

components material relative permittivity (&)
Current collector Aluminum 10.8
Electrode Activated carbon 14.1
Separator Polypropylene 23
Electrolyte KOH 76
CH,OH 332
(CH;),SO 47.1
HCONH; 109.5
HCONHCH; 182.4
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Fig. 3. Electrostatic simulation result: (a) electric potential distribution and (b) electric field intensity
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In Fig. 3 (a). the electric potential is fully distributed around the current collector (aluminum plate) as
defined boundary conditions. In the positive voltage side, the electric potential will gradually decrease
around the electrode (activated carbon) and reduced to zero at separator (polypropylene). In the negative
voltage side, the electric potential will gradually increase around the electrode and increased to zero at the
separator. In Fig. 3 (b). the electric field intensity distributed only in the area of electrodes (activated
carbon), in current collector, separator and vacuum the electric field intensity are zero. Therefore, the
simulation by using sodium iodide in various solvents electrolyte that different values of permittivity are
cause electric field intensity decreases when permittivity is increased in exponential function as shown in
Fig. 4.

2600

2400 |- 1
2200
2000
1800 - il
1600 N 1

1400 | \ 1

1200 =

Electric field intensity (V/m)

1000 -
40 60 80 100 120 140 160 180

Relative permittivity

Fig. 4. Electric field intensity in the electrode layer with the value of the relative permittivity
5.2. Thermal model

The simulation parameter of thermal model shown in Table 2 [18] and the initial condition defines the
ambient temperature is 28 °C. Assume the electrolyte solution does not gravitate on the inner part of the
supercapacitor, do not have the convection and radiation in this region. On the external surface of the
supercapacitor, heat transfer includes the heat convection to ambient temperature. Fig. 5. show the
temperature distribution in supercapacitor with various electrolytes from the beginning to the constant.

Table 2 Parameter of thermal model

Materials p (kg/m?) ¢ (J/kg. °K) K (W/ "K.m%)
Aluminum 2700 900 238
Activated carbon 700 700 5

Polypropylene 1008.98 1978.16 0.3344
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@ ()
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(e) (f)

Fig. 5. Temperature distribution (°C) in supercapacitor: (a) beginning (b) CH;0H solvent electrolyte (¢) (CH;),SO
solvent electrolyte (d) KOH electrolyte () HCONH; solvent electrolyte and (f) HCONHCH; solvent electrolyte
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Fig. 6. Maximum temperature ("C) of supercapacitor with various electrolyte per cycle

The simulation, the temperature of the supercapacitor will increase and stabilize at a certain value,
which varies according to the type of electrolyte with a higher temperature in the middle then spread to
the surrounding area. From Fig. 6. maximum temperature distribution in supercapacitor shown in Table 3.

Table 3. Maximum temperature of supercapacitor with various electrolytes

CH:OH (CH:),SO KOH HCONH; HCONHCH;
Maximum temperature ('C)  38.205 36.426 35.313 34.468 33.813

6. Conclusion

This paper simulation used the 3-D finite element method for solving the partial differential equation
of electrostatic and thermal to illustrate the relationship between electrolytes and electric field intensity,
which may affect the operation of the supercapacitor. Also, the simulation presents a value of the electric
field intensity and temperature distribution in the electrode layer. The simulation results show that the
electric field intensities decrease as the permittivity of electrolyte increases be the cause of temperature in
supercapacitor decreases. For electrolytes consists of KOH and sodium iodide in various solvents,
HCONHCH; makes the operating temperature of the supercapacitor is lowest. The efficacy of
supercapacitor is based on the materials used to make electrodes, electrolyte and the internal structure
design of the supercapacitor. Therefore, designing technology of the supercapacitor is the alternative way
to increase the efficacy of the supercapacitor that leads to more performance.
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